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ABSTRACT 
Numbers of red deer (Cervus elaphus) in the Highlands have more than doubled in 
the last few decades and conservation organisations have expressed concern over 
their potential impacts on the natural heritage. Bryophytes and lichens represent a 
substantial component of Scottish biodiversity and northwest Scotland has 
cryptogam assemblages that are rare elsewhere in the world. Few studies have 
separated the impacts of red deer from those of sheep and none has focused on the 
response of important bryophyte and lichen assemblages to red deer management. 
This thesis has started to address this shortfall in scientific knowledge. 
Research was centred at Letterewe and neighbouring estates near Loch Maree, 
Wester Ross where there has been no sheep grazing for decades. Existing 
exclosures were used to compare blocks of cryptogam communities associated with 
specific habitats either side of the deer fence. In this way bryophyte and lichen 
species cover, diversity, dominance and richness associated with low-lying siliceous 
rocks, globally rare wet heath/bog and the internationally important epiphytic 
Lobarion lichen community were investigated. Other approaches involved comparing 
cryptogam communities found on boulder tops inaccessible to red deer with those 
that were accessible, attempting to correlate red deer dung densities with localised 
impact to liverwort-rich oceanic heath and by contrasting summit moss-heath 
vegetation between two estates that have different mean deer densities. Liverworts 
associated with the mixed hepatic mat were also compared either side of a long-
standing deer fence at Knoydart. These studies have shown that red deer and their 
management (using exclosures) have both positive and negative effects on 
important bryophyte and lichen assemblages in northwest Scotland. This body of 
research is presented as a series of self-contained scientific papers. 
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CHAPTER 1 
General introduction 
 
1.1 Rationale 
Bryophytes and lichens (collectively known as cryptogams with ferns, fungi and algae) have 
often been overlooked among conservation practitioners in favour of other taxonomic groups 
such as birds, mammals and flowering plants (Hylander and Jonsson 2007). However, Britain 
supports almost 70% of the European bryophyte flora (Hodgetts 1992) and 34% of the 
European lichen flora (Church et al. 1996). This compares favourably with the vascular plant 
flora of Europe of which only 18% is found in Britain (Hodgetts 1992). There are few 
bryophyte and lichen species that are endemic to Britain but oceanic species that are rare 
elsewhere in Europe are well represented (Church et al. 2001; Coppins 2003). Scotland in 
particular has an internationally important bryophyte and lichen flora owing to its climate, 
geology, geographical position and variety of suitable habitats (Hodgetts 1997; Coppins 
2003). There are species-rich assemblages of bryophytes that occur in the west of Scotland 
and Ireland that are not known in the same diverse luxuriance from anywhere else in the 
world (Church et al. 2001). A number of British bryophyte species are notable for their 
highly disjunct global distributions (Church et al. 2001) such as the liverwort Plagiochila 
carringtonii which is known only from Scotland, Ireland, the Faroe Islands and Nepal 
(Hodgetts 1997). It is important therefore, to understand how management of red deer, the 
principal herbivore in northwest Scotland (Fryday 2001), might be impacting bryophyte and 
lichen communities. 
Red deer (Cervus elaphus) numbers in Scotland are thought to have increased from ca. 150 
000 in 1959 (according to the first annual report of the Red Deer Commission cited in Hunt 
2003) to ca. 450 000 in the early 21
st
 century (Hunt 2003). However, Clutton-Brock et al. 
(2004) argued that this figure was exaggerated by an arbitrary assumption that numbers of red 
deer residing in woodland had tripled. A more realistic estimate of ca. 350 000 red deer was 
proposed based on a multiple regression model using actual counts of this herbivore from the 
open hill (Clutton-Brock et al. 2004). Nonetheless, it is clear that there are more red deer in 
the Scottish Highlands than at any previous time in recent history (MacMillan and Leitch 
2008) as a result of warmer summers, milder winters and declining sheep numbers over the 
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last four decades (Clutton-Brock et al. 2004). This increasing trend in red deer numbers is 
matched by a dramatic growth in deer populations worldwide in the same time period (Côté 
et al. 2004; Dolman et al. 2010). Managing red deer for stalking interests and venison 
production is an important land use in the Scottish Highlands – involving > 50% of the land 
area (Milner et al. 2002). However, there is concern that increasing numbers of red deer are a 
threat to the natural heritage and so the priorities of sporting estates and those of conservation 
organisations have come into conflict (Clutton-Brock and Albon 1989; Laughton Johnston 
and Balharry 2001; Milner et al. 2002; Warren 2009). Clutton-Brock et al. (2002) reasoned 
that there was not enough evidence to suggest that red deer were affecting widespread change 
in upland ecosystems other than by their deleterious impact on woodland regeneration. The 
lack of studies that separate the impacts of red deer from those of sheep goes someway to 
explaining this dearth of evidence and begins to justify the need for this research. 
1.2 Red deer management and consequences for cryptogams 
Red deer can impact on their environment through their “grazing, browsing, bark stripping, 
trampling and dunging” (Hunt 2003). These effects are not evenly distributed across their 
range because red deer are selective in where they graze, what they browse and where they 
seek shelter and rest (Welch 1997). This behaviour is likely to influence vegetation dynamics 
which will have consequences for other taxonomic groups (Côté et al. 2004). Bryophytes and 
lichens are relatively small organisms and are readily overgrown by larger plants. They are 
associated with the early stages of succession and play an important role in the colonisation 
of habitats such as bare rock, tree bark and bare ground. Therefore, a certain amount of 
grazing by red deer is likely to be advantageous to cryptogams by reducing competition for 
light and space from larger plants and creating gaps in the vegetation for colonisation 
(Rothero 2006). Bryophytes such as Sphagnum species are also prominent in wet heath and 
bog vegetation where they thrive below an open canopy of heather (Calluna vulgaris). 
Conversion of heath to grassland at high densities of herbivores is likely to have cascading 
effects on cryptogams in these habitats. Meanwhile, the prevention of woodland regeneration 
by browsing red deer has implications for the long-term survival of important epiphytic 
communities on tree trunks and branches. 
Deer management also has consequences for the natural heritage and includes the adoption of 
exclosures, culling, supplementary feeding in winter and burning of vegetation. Muirburn is 
practised to encourage the growth of young nutritious foliage (that is attractive to red deer in 
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the short-term) and to remove accumulations of dead plant material (SNH 1994). Burning has 
long been known to permanently damage the rare liverwort-rich oceanic heath (McVean and 
Ratcliffe 1962; Ratcliffe 1968; Hobbs 1988; Rodwell 1991b; Averis et al. 2004; Long 2010). 
Fortunately, there has not been any muirburn in the study area for several decades and this 
aspect of deer management was not investigated. 
On some estates, supplementary feeding of deer is carried out in winter. Deer become 
concentrated in a small area and this has a much greater effect on local vegetation (including 
cryptogams) than if deer were allowed to browse naturally (Staines et al. 1995). Welch et al. 
(1993) found a reduction in Calluna cover near where supplementary food was provided for 
red deer in winter at a location in Glen Feshie. Meanwhile, there was an increase in Calluna 
cover away from the main concentrations of wintering red deer in this study (Welch et al. 
1993). The influence of supplementary feeding was a consideration when looking at the 
wider impacts of red deer on cryptogam communities in the research presented in this thesis. 
Warren (2009) outlines the many disadvantages of deer exclosure but the wooden fence posts 
themselves may become an important habitat for cryptogams. Untreated larch-wood posts 
with square-edges were used in a deer exclosure created at Beinn Eighe in 1964 (Mitchell et 
al. 1982) to protect recently planted Scots pine woodland. These were found to host over 40 
species of lichen many of which were characteristic of old pine skeletons (personal 
observation). Coppins and Coppins (2001) recognised their importance as “sources of 
inoculum” for the developing pine wood. Treated, round-edged posts, such as those used at 
Letterewe, do not appear to be conducive to lichen colonisation in the medium term (personal 
observation). However, the function of deer exclosure is to enable woodland regeneration in 
the absence of a large herbivore. Subsequent succession within exclosures is no longer 
arrested and cryptogams may be outcompeted by herbaceous and woody plant growth in this 
unnatural situation. 
Allowing woodland and moorland habitats to regenerate in the presence of lower numbers of 
red deer is considered to be the ideal ecological solution (Staines et al. 1995; Averis 2001; 
Sanderson and Wolseley 2001). This requires a sustained policy of culling and the difficulties 
associated with this management strategy are discussed by Warren (2009). An estimated 
mean density of 2–6 red deer km-2 would be necessary to enable tree regeneration in 
northwest Scotland (Fraser Darling 1937; Ratcliffe and Staines 2001).  However, these 
figures do not take into account the non-random distribution of red deer in the landscape as 
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demonstrated by Milner et al. (2002). Severe weather would cause red deer to concentrate in 
sheltered locations, such as woodland, at locally high densities even if numbers of deer were 
low overall, resulting in localised damage to the vegetation (Milner et al. 2002). It is 
important that land-managers set a suitable mean density of red deer that allows for the 
potential impact of locally high concentrations of this herbivore on sensitive cryptogam 
communities. However, there is scant information quantifying the impact of red deer and 
their management on important assemblages of bryophytes and lichens. 
1.3 Previous research 
Much research has been carried out on the impact of grazing on upland heath vegetation 
(Colquhorn 1970; Ball 1974; Hobson et al. 1976; Milne et al. 1978; Bakker et al. 1984; 
Osborne 1984; Marrs and Welch, 1991; Clarke et al. 1995a, b; Staines et al. 1995; Welch and 
Scott 1995; Fraser and Gordon 1997; Hester and Baillie 1998; Hester et al. 1999; Albon et al. 
2007). The general consensus is that vegetation is driven towards species-poor grassland as a 
result of increased grazing pressure in mire and heath communities (Welch 1997; Milne et al. 
1998). However, the impacts of sheep and red deer have not been separated in many of these 
studies. This has been a problem when trying to establish whether red deer have an active 
role in the widespread loss of heather in the uplands (SNH 1994; Staines et al. 1995; Clutton-
Brock et al. 2004). Hope et al. (1996) found vegetation to have changed little once sheep had 
been removed from areas of the Scottish Highlands where there were high numbers of red 
deer (but continued rotational heather burning at most of their study sites will have 
contributed to this outcome).There has been little research on the grazing impact of red deer 
on their own (Grant et al. 1981; Welch et al. 1993; Milner et al. 2002; Virtanen et al. 2002; 
Welch et al. 2006) and no particular focus on the impacts of deer on cryptogam assemblages. 
Similarly, bryophytes and lichens were ignored in the studies cited by Fuller and Gill (2001) 
looking at how a variety of taxa are responding to increasing numbers of deer within 
woodland. Elsewhere, there is only anecdotal evidence of red deer impact such as the reduced 
extent of liverwort-rich oceanic heath on Ben More Assynt and Beinn Bhàn for example 
(Hobbs 1988). 
 
Previous research has indicated how grazing in general can affect bryophyte and lichen 
assemblages. Marrs and Welch (1991) synthesised the results of vegetation changes within 
long-term exclosures and observations from sites across Britain. Calluna vulgaris was found 
to be more abundant and taller inside exclosures, and lichens such as Cladonia portentosa 
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thrived in the absence of large herbivores (Marrs and Welch 1991). Although the impact of 
red deer was again not differentiated from that of sheep, the results are still useful because 
Grant et al. (1981) has shown that the effect of increased grazing pressure on heath vegetation 
is the same for either herbivore in farmed situations. Hill et al. (1992) reported on the changes 
in botanical composition from a well replicated and randomised long-term exclusion 
experiment that examined the impact of sheep grazing in North Wales. Grazing favoured the 
unpalatable moss Polytrichum commune and once grazing pressure was removed it quickly 
became outcompeted by ericoid shrubs (Hill et al. 1992). Voles became the main herbivore in 
the absence of sheep and the mosses Hylocomium splendens and Pleurozium schreberi 
flourished in years when voles were in abundance (Hill et al. 1992). Welch and Scott (1995) 
showed that with high grazing pressure there was a reduction in ericoid, bryophyte (with the 
exception of Rhytidiadelphus squarrosus) and lichen cover and an increase in graminoids and 
herbs. Bryophyte abundance increased when Calluna was allowed to grow but graminoids 
and other herbaceous plants decreased in cover (Welch and Scott 1995). The results of this 
investigation came from a 20-year study spread over 15 moorland sites thereby providing a 
useful insight into the impact of grazing. However, the study did not separate the effect of red 
deer grazing from sheep and many sites were entirely grazed by cattle. Point quadrats in fixed 
positions were used to monitor the long-term trends and these had been placed systematically 
– which would have introduced some initial bias. 
 
Fryday (2001) compared lichen diversity and biomass either side of long-established 
exclosures in montane grassland and heath vegetation throughout Britain. Lichen diversity 
(particularly of crustose species on low-lying rocks) was found to be much lower inside 
exclosures where the vegetation had grown taller but the biomass of fruticose lichens was 
much greater in the absence of large herbivores (Fryday 2001). This research utilised existing 
sheep-exclosures set up for long-term monitoring at several British locations. As exclosures 
were not located in areas notable for their lichen interest it was thought that the results were 
liable to be under-estimates (Fryday 2001). Fryday (2001) only sampled from one 4 m x 4 m 
quadrat in a subjectively selected but representative area either side of each exclosure so no 
statistical analysis could be applied to the data. Fryday (2001) used the clear-cut nature of the 
results to defend the lack of randomisation in the method. The study provides useful 
preliminary information concerning the impact of exclosure on lichens in the uplands. A 
greater number of smaller quadrats, randomly placed either side of existing exclosures would 
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remove bias from the investigation, increase reliability and indicate how much variation there 
was in the response. 
Virtanen et al. (2002) found that long-term red deer exclusion did not affect changes in plant 
abundance (including bryophytes) in the least productive wet heath on the Isle of Rum. 
However, this outcome was not surprising since the community in question pertained to the 
M25b Anthoxanthum odoratum sub-community of the Molinia caerulea-Potentilla erecta 
mire which is species poor for bryophytes and lichens to begin with according to Rodwell 
(1991). The authors’ were more interested in a range of plant communities of varying 
productivity on Rum rather than specifically focusing their attention on cryptogam ecology. It 
was more useful to study the impact of red deer management on bryophyte and lichen 
communities which are of national and international interest for the purposes of this thesis. 
There is a considerable literature on the impact of reindeer (Rangifer tarandus) on bryophyte 
and lichen communities. This is to be expected since reindeer occur in regions where 
cryptogams are a major component of the vegetation. Lichens of the subgenus Cladina and 
Cetraria islandica are also important winter staples in the reindeer diet – ca. 3 kg of moist 
lichen is required per animal per day (Gilbert 2000). Manseau et al. (1996) found that areas 
grazed by caribou (R. tarandus caribou) were devoid of the Cladina lichen mat or at best 
covered in fragments of dead lichen and moss in the Canadian shrub-tundra. Suominen and 
Olofsson (2000) reviewed the literature concerning semi-domesticated reindeer impact on 
tundra and forest communities in Fennoscandia and concluded that Cladina lichen cover is 
controlled by these large herbivores. Reduced Cladina lichen cover by reindeer predation 
leads to an increase in the diversity of other taxa such as bryophytes (Suominen and Olofsson 
2000). Pajunen et al. (2008) showed that exclusion of reindeer from forest-tundra ecotone in 
Finnish Lapland for a period of 8 years resulted in the reduction of bryophyte species 
richness and cover. However, lichen cover in general was not affected by this short period of 
reindeer exclusion despite an increase in Cladonia rangiferina – the browse species of choice 
(Pajunen et al. 2008). 
Lichens do not form a significant part of the red deer diet (Jensen 1968; Staines and Crisp 
1978; Staines et al. 1982; Fraser and Gordon 1997) so further comparison with reindeer 
impact is of little value. Nonetheless, there are eye-witness accounts of lichen predation from 
boulders (various gillies and stalkers, pers. comm.) but it is not clear whether the animals are 
after mineral nutrition from the rock or actively seeking sustenance from the lichen. Fryday 
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(2001) has observed sheep browsing Sphaerophorus globosus from rocks. With the exception 
of small herbivorous mammals in alpine heath and geese in the Arctic, bryophytes are 
generally considered unpalatable to most grazing animals (Rydin 2009).  Fraser and Gordon 
(1997) showed that moss constituted a very low percentage of red deer-intake from upland 
habitats in Scotland and this intake was probably accidental. Therefore, trampling and 
dunging are likely to be the most direct impacts of red deer on cryptogams in the northwest 
Highlands. Consistent with this prediction was the significantly reduced lichen cover due to 
trampling in bogs on an island grazed by white-tailed deer (Odocoileus virginianus) 
compared to a deer-free island in eastern North America (Pellerin et al. 2006). More recently, 
concern has been expressed about the trampling damage to Sphagnum and other bryophytes, 
where red deer routes converge in wet heath vegetation, at Foinaven Site of Special Scientific 
Interest/Special Area of Conservation in Sutherland (Dayton and O’Hanrahan 2011). 
1.4 Research at Letterewe, Wester Ross 
Anecdotal evidence for red deer impact and studies of other large ungulate herbivores are 
useful in helping us understand how bryophyte and lichen assemblages might be responding 
to red deer management. However, this demonstrates the need for research in this area so that 
land-managers can make more informed decisions. The northwest Highlands hold some 
internationally important bryophyte and lichen communities which are well represented at 
Letterewe and neighbouring estates in Wester Ross. Sheep have been absent from the study 
area for decades so that red deer are the principal large herbivore (Milner et al. 2002). There 
are also a number of deer exclosures that have been erected in different years (dating back to 
1994) to encourage woodland regeneration. These provide opportunities to compare 
bryophyte and lichen communities subject to the presence of red deer at moderate densities 
with those which are not. Hence, it was an advantageous location to research the impact of 
red deer management on cryptogams. The location of the exclosures throughout the study 
area also meant that whole-range study was possible rather than concentrating research on 
sites where red deer activity was high (due to supplementary feeding for example) or where 
Calluna growth was poor for other reasons. This reduced the chance of exaggerating impacts 
such as heather loss (SNH 1994). Previous research on the red deer herd at Letterewe has 
focused on the population size, condition, performance, management options and the impact 
on higher plant vegetation (Milner et al. 2002) and more recently, Tinsley-Marshall (2010) 
has studied the consequences of red deer management for invertebrates. 
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1.5 Aims 
This thesis set out to examine whether red deer (at a moderate density) and their management 
(through the use of exclosures) posed a threat to important bryophyte and lichen assemblages 
in the northwest Highlands. Another aim was to study how cryptogams associated with 
vegetation of international interest responded to different localised densities of red deer. 
1.6 Approach to research and thesis layout 
Suitable quadrat size and shape for collecting data concerning bryophyte and lichen species 
cover, diversity, dominance and richness from a variety of habitats were determined before 
field work began in earnest (Chapter 2). Power analysis (aimed at detecting an effect size of 
50% with 80% power) was used to establish the number of samples required in each 
investigation. Côté et al. (2004) outlined various approaches used by researchers to collect 
data concerning the impact of deer in natural experiments. Some of these have been adopted 
to tackle the questions presented in this body of research. 
The existing exclosures were used to determine how cryptogams associated with 
internationally rare wet heath and blanket bog vegetation (according to Averis et al. 2004) 
were responding to an absence of red deer in the study area (Chapter 3). Random allocation 
of sample plots, in homogeneous habitat, and arbitrary selection of which side of each plot 
was going to be exclosed at the start of this investigation would have avoided the 
confounding effects associated with location (Virtanen et al. 2002). Pajunen et al. (2008) used 
this method to study the effect of reindeer exclusion for a period of 8 years in Finnish 
Lapland. However, it made sense to use the existing exclosures at Letterewe because the 
interaction with age of exclosure could be explored and even 8 years of exclosure had not 
been long enough for significant lichen recovery after reindeer grazing (Pajunen et al. 2008). 
A fully-randomised and hierarchical sampling design was devised to extract as much 
information as possible from the exclosures. The inevitable pseudoreplication this involved 
was dealt with using linear mixed effects models. 
Ungulate-free refugia in the form of very large boulders at Letterewe enabled investigation of 
the response of saxicolous cryptogam assemblages to a long and natural absence of red deer. 
This study concentrated on changes directly related to the lithosere rather than with the 
surrounding matrix vegetation (Chapter 4). Boulder top refugia have been used in North 
America to look at the impact of white-tailed deer on angiosperm diversity (Banta et al. 2005; 
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Comisky et al. 2005) but there do not appear to have been any similar studies in the British 
Isles for other herbivores (Milchunas and Noy-Meir 2002). However, Crawley et al. (2004) 
observed the near monoculture of Festuca rubra and reduced plant diversity on the turf roofs 
of cleits that naturally excluded Soay sheep compared to those that did not on Hirta, St. 
Kilda. Another study was necessary to confirm that it really was red deer arresting succession 
on the tops of accessible boulders and not anything to do with smaller boulders having less 
surface area available for plant colonisation. Comparison of saxicolous bryophyte and lichen 
species on deer accessible rocks either side of exclosures over a known period of time 
assisted with this and also investigated the response of cryptogams on rocks to the growth 
and succession of the matrix wet heath vegetation (Chapter 5). The focus on saxicolous 
cryptogam assemblages was justified because siliceous rock is the most species-rich substrate 
in the British Isles for lichens (Gilbert 2000; Porley and Hodgetts 2005). 
 
The effect of a 20-year old deer exclosure on liverworts associated with the mixed Northern 
Atlantic hepatic mat (see Ratcliffe 1968), unusually occurring near sea level, was studied  at 
Knoydart (Chapter 6). Since there was only one exclosure at this site there were no genuine 
replicates but the uniqueness of the vegetation justified investigation and informed future 
management. This globally rare assemblage of hepatic mat liverworts is more usually found 
at higher altitudes, on steep, rocky terrain with a northerly aspect and subject to an oceanic 
climate (McVean and Ratcliffe 1962; Ratcliffe 1968; Hobbs 1988). The “lower slopes of the 
deep, sunless corries that are etched into the northern faces of mountains like Beinn Eighe 
and Liathach…and the peaks of the…Letterewe Forest” were identified as characteristic 
habitat for this liverwort-rich oceanic heath vegetation (Rodwell 1991). In an attempt to 
determine how different densities of red deer may be impacting on oceanic heath at these 
locations (Chapter 7), the standing-crop dung pellet group count method (De Nahlik 1992; 
Mayle et al. 1999) was used as a proxy for red deer density combined with the knowledge 
that red deer are not randomly distributed in an area of landscape (Milner et al. 2002). Whilst 
it is acknowledged that such a correlative study can only be indicative of the red deer impact 
on the hepatic mat, it is unlikely that manipulative experiments with enclosures will ever be 
conducted in the difficult terrain where this liverwort assemblage occurs. The damaging 
effects of a large herbivore (usually by high densities of sheep) on liverwort-rich oceanic 
heath has not previously been quantified in the published literature despite a good deal of 
anecdotal evidence (McVean and Ratcliffe 1962; Ratcliffe 1968; Hobbs 1988; Averis 1994; 
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Blockeel, 1995; Averis et al. 2000; Elkington et al. 2001; Rothero 2003; Averis et al. 2004; 
Porley and Hodgetts 2005; Holyoak, 2006; Long 2010; Hodd and Sheehy Skeffington 2011). 
Different culling regimes at Letterewe and Beinn Eighe National Nature Reserve (on the 
opposite side of Loch Maree, Wester Ross) meant that the impact of different red deer 
densities on the internationally important Racomitrium lanuginosum moss-heath summit 
community could be compared (Chapter 8). High levels of sheep grazing have damaged this 
vegetation at other sites in the British Isles (Thompson et al. 1987; Ratcliffe and Thompson 
1988; Rodwell 1992; Thompson and Brown 1992; Thompson et al. 2001; Van der Wal et al. 
2003; Averis et al. 2004; Britton et al. 2005; Welch et al. 2005; Scott et al. 2007; Pearce et al. 
2010) but the impact of red deer is poorly known. A similar approach was used by Pellerin et 
al. (2006) in their comparison of two pairs of bogs, from two islands with different densities 
of white-tailed deer, in eastern North America. However, their decision to sample the bogs 
non-randomly could have introduced bias to their analyses. 
Scotland has an international responsibility for the Lobarion lichen community which is 
declining elsewhere in Europe (Coppins and Coppins 2012; Woods and Coppins 2012). 
Hence, it was useful to investigate how the Lobarion in Atlantic oak woodland was 
responding to the long absence of red deer inside exclosures at Letterewe (Chapter 9). There 
was only anecdotal evidence to suggest that dense sapling growth around trees supporting the 
Lobarion might be having a detrimental effect on the lichens prior to this investigation (Rose 
1992; Coppins 2001; Coppins 2003). The terricolous cryptogam assemblage was also 
compared since there were conflicting accounts in the literature about how bryophytes 
respond to an absence of grazing by large herbivores in woodland (Averis et al. 2004). 
It is hoped that the quantitative evidence generated in this thesis will inform red deer 
management at similar estates in the Highlands. The following chapters are presented as a 
series of self-contained papers and their key findings are considered in the General 
Discussion (Chapter 10). 
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2.1 Abstract 
Background: Quadrat size and shape can influence patterns of species richness and 
abundance. 
Aims: This pilot study set out to establish the most suitable size and shape of quadrat 
for collecting data about bryophytes and lichens in specific microhabitats at 
Letterewe, Wester Ross. 
Methods: Log cryptogam species–log area relationship graphs (SARs) were produced 
for square, rectangular and skinny quadrats in 1) wet heath vegetation; 2) on tree 
trunks; and 3) on siliceous rocks. Three replicate sequences for each shape in each 
microhabitat were taken to counter any freak patterns. 
Results: The SARs produced from these very small areas do not follow a linear 
relationship in log-log space. Instead they have a sigmoidal relationship in keeping 
with the small-island effect. Cryptogam species richness began levelling off in 4 m
2
 
quadrats in wet heath vegetation but microhabitat space limited quadrat size for the 
rock and trunk quadrats. 
Conclusions: Square quadrats were preferred since these limited the number of 
microenvironments encountered. Quadrat size was constrained to 0.04 m
2
 for rock and 
tree trunk habitats and 4 m
2
 quadrats were selected to sample cryptogams in wet heath 
habitats. 
 
 
 
 
 
 
 
2.2 Key-words: Cryptogams, log species–log area relationships, microhabitat, small-
island effect 
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2.3 Introduction 
There is no universal recommendation for quadrat size and shape (Krebs 1999) and yet both 
can considerably influence the evaluation of species richness (Crawley 1997). Those quadrats 
possessed of a greater perimeter to area ratio contain more species due to the range of micro-
environments encountered (Stohlgren 2007). Scheidegger et al. (2002) advocated the use of 
rectangular quadrats of 0.1 m x 0.5 m dimension for capturing lichen biodiversity on trees 
and rocks. Rosentreter and Eldridge (2002) describe the use of 0.2 m x 0.5 m quadrats in 
desert and steppe communities for lichen crusts. These rectangular quadrats may maximise 
information for studies in regional lichen diversity but they can make interpretation of 
ecological interaction on a smaller scale more difficult. Insarov et al. (1999) used 0.1 m rules 
in a line-intercept approach to monitor epilithic lichens. Information concerning competition 
for space may be lost using this technique unless many pseudoreplicates are taken. The 
plotless sampling method of Yarranton (1966) also requires hundreds of pseudoreplicates and 
is systematic in its approach. This method appears to be useful for community description but 
is less valid for statistical comparison between treatments. If quadrats are too small then 
artificial negative associations may arise because there is not enough space within the quadrat 
for more than one large species (Crawley 1997) and rarer species will be missed. However, 
genuine negative associations between species may not be detected if quadrats are so large 
that they encompass a variety of microhabitats (Crawley 1997).  
This pilot study set out to determine the appropriate size and shape of quadrat for specific 
microhabitats likely to be encountered at Letterewe. The aim was to discover what type of 
quadrat would best reflect cryptogam species richness and abundance in this body of 
research. Three shapes were examined: rectangular, skinny, and square and their dimensions 
are described in Table 2.1. 
2.4 Method 
Three examples of each of the main microhabitats, likely to be encountered in the survey 
work, were selected. The starting point for each sequence of quadrats of increasing area on 
the trees was in the middle of the trunk at 1.3 m from the ground. For the rock microhabitat, 
the starting point was in the centre of the rock-face. Data collection was stopped if there was 
not enough rock on the aspect being studied – the quadrat did not continue over to a different 
facet. For the smaller areas, an A4 acetate sheet with the shape ruled on (with permanent 
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marker) was overlain over the tree trunk or rock. Tiny pins were used to fasten the acetate on 
tree bark to minimise impact. Snow was used to fasten the acetate to the rock. String was 
used to delimit the larger areas – making use of the pins on bark and snow on the rocks to 
hold the appropriate proportions.  
Mire vegetation was sampled initially with acetate sheets as above. String was fastened to 
narrow-diameter sticks that were inserted into the peat in order to mark out the larger sample 
areas. Gentle searching at deeper levels was required to find some of the very small 
liverworts amongst the Sphagnum. The rectangular quadrats remained parallel with any slope 
contours to control for gradient. A rule and tape-measure were used to mark out the quadrats. 
Area was increased keeping the original starting point at the centre to maintain the shape of 
the sample area in every quadrat. Bryophyte and lichen species richness was determined for 
each quadrat. Log species–log area graphs were constructed for comparative purposes and a 
linear regression performed to compare the slopes with theory. 
Table 2.1. Dimensions of the three different shaped quadrats used in the pilot study. 
 
 Shape of quadrat (dimensions in metres) 
Habitat Square Rectangular Skinny 
 
Wet heath/mire To 4 x 4  To 2 x 8 (Ratio 1:4) To 1 x 16 (Ratio 1:16) 
 
Rocks/boulders To 0.32 x 0.32 To 0.32 x 1.6 (Ratio 1:5) To 0.025 x 2 (Ratio 1:80) 
 
Tree bark To 0.32 x 0.32 To 0.32 x 1.6 (Ratio 1:5) To 0.025 x 2 (Ratio 1:80) 
 
 
2.5 Results 
 
An example of each log species–log area relationship for each shape is given for each 
microhabitat in Figures 2.1-2.3. These patterns were repeated in the two replicates for each 
microhabitat. Only two out of the 27 slopes differed significantly from that predicted by 
empirical theory and these are indicated in Figure 2.1. 
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Figure 2.1. Log species–log area relationships for variously-shaped quadrats in wet-heath vegetation 
at Letterewe, Wester Ross. A linear regression line has been fitted to each set of data that 
demonstrates the inadequacy of this model for explaining the observed pattern. Asterisk indicates that 
slope differs from z = 0.25 at 5% significance level. 
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Figure 2.2. Log species–log area relationship for variously-shaped quadrats on the lower-trunk of an 
oak tree at Letterewe, Wester Ross. A linear regression line has been fitted to each set of data that 
demonstrates the inadequacy of this model for explaining the observed pattern. 
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Figure 2.3. Log species–log area relationship for variously-shaped quadrats on the top of a siliceous 
boulder at Letterewe, Wester Ross. A linear regression line has been fitted to each set of data that 
demonstrates the inadequacy of this model for explaining the observed pattern. 
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2.6 Discussion 
The log species–log area curves generated in this pilot study do not follow the empirical 
theory as first postulated by Arrhenius (1921) and later explored by authors such as Preston 
(1962) and May (1975). According to these authors, the power law (S = cA
z
) was derived 
under the assumption that a lognormal distribution explains the species abundance pattern of 
a taxonomic group and the slope of the regression line is approximately z = 0.25 (Borda-de-
A´gua et al. 2002). However, the actual relationship in the figures presented here is in no way 
linear in log–log space, even though only two of the slopes did not differ significantly from z 
= 0.25. The smallest quadrats were much smaller than an individual of a species – initially 
causing the line to be asymptotic to zero (most obvious in the middle graph of Figure 2.3). 
Most of the log species–log area curves then followed the expected pattern for such small 
areas with a convex (rather than linear) ever-increasing curve (Rosensweig 1995). The small-
island effect causes the species-area relationship to be sigmoidal, with low species richness in 
the smallest areas, rising rapidly for intermediately-sized islands and then levelling off as the 
total number of species approaches the maximum associated with the largest islands 
according to Lomolino (2000). This pattern is apparent in Figures 2.1-2.3 even though these 
are extremely small areas compared to the islands Lomolino (2000) was referring to.  
 
These small-scale species-area curves may not offer any information about the diversity of 
the larger area being sampled (Rosenzweig 1995) but they do provide an objective method 
for deciding on suitable quadrat size and shape (Krebs 1999). The underlying community 
structure and initial starting-point for a series of contiguous quadrats will influence the shape 
of the log species–log area curves (Crawley 1997; Stohlgren 2007). The graphs generated in 
this pilot study (not all shown) showed evidence of these effects and justified the replication. 
Nested quadrats were used to generate the species–area curves in this study since they 
sampled nearby areas with similar species composition (Palmer 1990). Nested quadrats of 
increasing area of the same shape also avoided the problem highlighted by Stohlgren (2007) 
of quadrat shape changing alternately from square to rectangle with the sequential placement 
of equal-sized quadrats. 
 
All three quadrat shapes produced a similar log species–log area curve in the wet-heath 
habitat (Figure 2.1). This began to plateaux at 4 m
2
 which is at the top limit of the range 
recommended as a minimal area for sampling temperate-zone moss communities (according 
to Mueller-Dombois and Ellenberg 1974). A square-shaped quadrat was chosen for use in the 
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main project for ease of visually estimating percentage cover of bryophytes and lichens. 
Other researchers prefer the use of long rectangular quadrats for the assessment of species 
assemblages (Elzinga et al. 1998). On the oak trees there appeared to be some levelling off in 
species richness for the longer quadrats (Figure 2.2). This may have been due to the extreme 
ends of the quadrats encountering dominant foliose lichens further up the tree and dominant 
bryophytes towards the tree base. The square quadrat was limited in size by the girth of the 
tree but accumulated a similar haul of species as the other shapes; with the added advantage 
that it was not experiencing a wide range of different micro-environmental conditions. A 
square quadrat of 0.32 m length would preclude many smaller trees. Therefore, a 0.2 m x 0.2 
m quadrat was selected for the main project. This area was large enough to represent species 
richness and caters for the varying sizes of lichen thalli. It has been used to good effect to 
compare epiphytes on deciduous trees at Loch Sunart (Bates 1992) and to examine 
cryptogam communities on fallen logs in the Czech Republic (Jansova and Soldan 2006). A 
0.2 m x 0.2 m square quadrat was also selected for rocks and boulders in the main project. 
The rectangular and skinny quadrats kept on encountering new species at the extremities due 
to changes in the micro-environment. The square-shaped quadrat began to show a decrease in 
the number of species being accumulated after an area of 0.4 m
2
 without levelling off (Figure 
2.3). However, available habitat space would be limited for the larger quadrats. 
 
Krebs (1999) defined the best size and shape for a quadrat on the basis of statistical, 
ecological and logistical reasons. Logistical reasons governed the use of 1 m
2
 quadrats in the 
small sample plots in the single exclosure study at Knoydart (Chapter 6). Health and safety 
reasons dictated the use of 1 m
2
 quadrats on the steep and rocky slopes encountered during 
the study into the impact of different local densities of red deer on oceanic heath (Chapter 7). 
Time limitations and statistics influenced the 1m
2
 quadrat size for the comparison of summit 
communities since many smaller quadrats were better than fewer large quadrats (Chapter 8). 
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3.1 Abstract 
Background: An understanding of the effects of red deer on bryophyte and lichen 
communities in wet heath and bog vegetation typical of northwest Scotland is 
important so that land managers can make more informed decisions concerning deer 
numbers. 
Aims: To compare various measures of cryptogam species diversity inside and outside 
a number of established deer exclosures at Letterewe and Little Gruinard estates, 
Wester Ross, Scotland.  
Methods: Species cover data were recorded from 192 2 m x 2 m quadrats allocated to 
32 blocks and assigned to nine exclosures of different ages with due attention to 
randomisation. Linear mixed effects models were fitted to the data. 
Results: In the short- to medium- term there was no significant difference in 
cryptogam dominance, diversity and species richness either side of the exclosures. 
However, Cladonia lichens responded to a lack of trampling and were significantly 
more abundant inside exclosures. Greater Calluna vulgaris cover in the absence of a 
large herbivore is likely to have created conditions that promote the growth of 
Sphagnum capillifolium ssp. rubellum and this in turn increased the habitat available 
for several liverworts. 
Conclusions: The upper limit of deer numbers deemed appropriate for reducing loss 
of Calluna cover in wet heath vegetation is set too high to prevent impact on 
important cryptogam communities.  
 
 
 
 
 
 
3.2 Key-words: bryophyte, Calluna vulgaris, Cervus elaphus, exclosures, grazing, lichen, 
species diversity, Sphagnum, trampling 
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3.3 Introduction 
Increasing numbers of red deer (Cervus elaphus) in the Highlands of Scotland are believed to 
be having a negative impact on habitats through their “grazing, browsing, bark stripping, 
trampling and dunging” (Hunt 2003). The red deer population has grown from ca. 150,000 in 
1959 (according to the first annual report of the Red Deer Commission cited in Hunt 2003) to 
just over 350,000 (Warren 2009). Deer populations are anticipated to continue growing due 
to increased winter survival as a result of climate change (Dolman et al. 2010). Consequently, 
there is a conflict of interest between the priorities of conservation bodies and those of 
sporting estates (Clutton-Brock and Albon 1989; Laughton Johnston and Balharry 2001; 
Warren 2009).  
 
It is unclear to what extent red deer are contributing to the widespread loss of heather 
(Calluna vulgaris) since they share the same ranges as hill sheep (SNH 1994; Staines et al. 
1995; Clutton-Brock et al. 2004). Nonetheless, Cadbury (1992) suggested an upper limit of < 
25 deer km
-2
 if loss of heather was to be avoided on wet heath and blanket bog vegetation. 
Albon et al. (2007) reported moderate to high impacts on heath vegetation at densities of red 
deer > 15 km
-2
 from 11 deer management group areas in Scotland, using field indicators such 
as sward height, physical damage and dung. However, Albon et al. (2007) acknowledged that 
their study did not address the implications for plant species richness and diversity and 
general habitat condition. There has been much research on the impact of grazing on heather 
moorland particularly by sheep and combinations of sheep and red deer (Jensen 1968; 
Colquhorn 1970; Ball 1974; Hobson et al. 1976; Milne et al. 1978; Staines and Crisp 1978; 
Bakker et al. 1984; Osborne 1984; Marrs and Welch, 1991; Clarke et al. 1995a, b; Staines et 
al. 1995; Welch and Scott 1995; Fraser and Gordon 1997; Hester and Baillie 1998; Hester et 
al. 1999), but very little focus on the impact of red deer alone (Grant et al. 1981; Welch et al. 
1993; Milner et al. 2002; Virtanen et al. 2002; Welch et al. 2006) and certainly no special 
emphasis on the response of bryophyte and lichen communities to this herbivore. Bryophytes 
and lichens make a major contribution to the overall biodiversity of Scotland (Hodgetts 1992; 
Hodgetts 1997; Church et al. 2001) and have important ecological functions in many 
ecosystems (Longton 1992; Porley and Hodgetts 2005; Hylander and Jonsson 2007). 
Understanding the impacts of red deer on cryptogam communities in vegetation typical of 
northwest Scotland is important to inform decision-making. 
 
51 
 
The objective of this study was to determine how bryophyte and lichen species abundance, 
diversity, dominance and richness has responded to an absence of red deer through the use of 
exclosures at Letterewe and neighbouring estates, Wester Ross, Scotland. Predictions could 
then be made about the effects of even higher numbers of red deer outside of exclosures on 
wet heath vegetation. There are several advantages for conducting this research at Letterewe, 
such as the complete absence of sheep, the presence of a number of existing deer exclosures 
and minimal direct human impact. The vegetation in the study area is dominated by relatively 
slow-growing and unproductive wet heath and blanket bog – accounting for 54% and 15% 
respectively of the total land cover (Milner et al. 2002). The Trichophorum germanicum–
Erica tetralix wet heath community (M15 in the National Vegetation Classification - NVC 
system, Rodwell 1991) occupies ground that could once have been woodland, but following 
tree removal the soils became waterlogged and wet heaths developed on gentle slopes (Averis 
et al. 2004). Burning and grazing of blanket mire has also resulted in some examples of the 
M15 wet heath vegetation (Averis et al. 2004). The Trichophorum germanicum–Eriophorum 
vaginatum blanket mire (NVC, M17) is one of the most important types of upland vegetation 
in the British Isles because of its rarity elsewhere in the world (Averis et al. 2004). 
Bryophytes can form an important component of the ground layer in these communities with 
Sphagnum capillifolium and S. subnitens the most frequent in the M15 vegetation (Elkington 
et al. 2001). Sphagnum species are a feature of the M17 community where Sphagnum 
capillifolium and S. papillosum are constants and form luxuriant carpets with other species 
such as S. tenellum and S. subnitens (Elkington et al. 2001). Lichens such as Cladonia 
portentosa and C. uncialis ssp. biuncialis can be common in these communities especially in 
the northwest Highlands (Averis et al. 2004) and a variety of liverworts may be found among 
the hummocks of Sphagnum such as Mylia taylorii, Odontoschisma sphagni and Pleurozia 
purpurea (Elkington et al. 2001). 
 
Milne et al. (1998) summarised published work on plant community shifts under different 
herbivore densities and management practices. They concluded that with increased grazing 
pressure, the M17 blanket mire community would shift towards an M15 wet heath 
community and the M15 wet heath community would become species-poor Nardus (NVC, 
U5) or Juncus (NVC, U6) grassland. This would have consequences for the cryptogams 
associated with these vegetation types.  Information concerning the effects of grazing on 
bryophytes and lichens has come largely from studies where sheep are the principal 
herbivores (Marrs and Welch 1991; Hill et al. 1992; Welch and Scott 1995). Fryday (2001) 
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found an inverse relationship between the height of vascular plant vegetation and lichen 
diversity (particularly that of crustose species) in an investigation that made use of 
established exclosures in montane grassland and heath habitat. Grazing by sheep and deer had 
also caused a reduction in the biomass and abundance of fruticose lichens due to trampling 
damage. Virtanen et al. (2002) studied the impact of different numbers of red deer on a 
variety of plant communities occurring on the isle of Rum, making use of existing exclosures. 
Whilst their results may only apply to Rum, they found long-term red deer exclusion had 
minimal effects on the botanical composition (including bryophytes) of the least productive 
wet heath. In studies involving other large ungulate herbivores: Manseau et al. (1996) found a 
significant decrease in the cover and biomass of lichens in areas of shrub-tundra grazed by 
reindeer (Rangifer tarandus) in north-eastern Canada; and Pellerin et al. (2006) showed that 
white-tailed deer (Odocoileus virginianus) significantly reduced lichen cover in bogs on a 
deer-grazed island compared to a deer-free island due to trampling. 
Predicting the effects of a reduction in deer numbers on cryptogams is difficult, but some 
level of grazing is thought to benefit bryophyte communities by reducing competition from 
larger plants and maintaining a more open habitat (Rothero 2006). However, Dayton and 
O’Hanrahan (2011) expressed concern about localised impacts of high levels of red deer 
movement on the wet heath vegetation of Foinaven Site of Special Scientific Interest 
(SSSI)/Special Area of Conservation (SAC), including a decline in Sphagnum and other 
lower plant species cover. Sphagnum capillifolium ssp. rubellum and some species of 
Cladonia lichens were found to be highly susceptible to trampling by humans on wet heath 
vegetation in the Cairngorms (Bayfield 1979). It is reasonable to expect that high numbers of 
red deer could have a similar impact. It was hypothesised that Sphagnum capillifolium ssp. 
rubellum and Cladonia lichens would be more abundant within exclosures (in the absence of 
trampling by red deer). Cryptogam diversity was expected to be reduced within exclosures 
due to increased competition from larger plants. 
 
3.4 Method 
Site description 
 
Letterewe and neighbouring Little Gruinard are privately owned estates in the northwest 
Highlands of Scotland. Together they encompass ca. 23000 ha and are managed primarily for 
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sporting interests. The underlying geology for much of the landscape is Lewisian gneiss with 
some Torridonian sandstone towards the summits (Friend 2012). The study area lies within 
the oceanic climatic region where there are > 220 wet days (> 1 mm rain day
-1
) per year 
(Hobbs 1988) and experiences mild winters and cool summers. More detailed climate 
information may be found in Milner et al. (2002). The Loch Maree area is subject to a low 
loading of nitrogen pollution (Mitchell et al. 2005). There has been no sheep grazing at 
Letterewe for over 30 years and sheep were removed from the Little Gruinard estate when the 
deer exclosure was erected in 2000 (Milner et al. 2002). This means that the only large 
herbivore in this vast area is red deer – with the exception of a small population of feral goats 
that frequent the woodland (Milner et al. 2002). Estimated numbers of red deer in the study 
area have ranged from eight to 14.5 red deer km
-2
 (Milner et al. 2002; S. Miller pers. comm. 
2011). These estimates are based on an annual helicopter count and should be treated with 
some caution in the absence of repeat counts (Daniels 2006). The numbers are higher than the 
equivalent density of less than six red deer km
-2
 recommended by Fraser Darling (1937) to 
enable tree regeneration but much lower than the upper limit required to avoid heather loss in 
wet heath and blanket bog vegetation (Cadbury 1992). The study area includes a number of 
deer exclosures established to encourage the regeneration of woodland (Figure 3.1).  
 
Sampling design and procedure 
 
Fieldwork was carried out in 2011. Suitable exclosures were selected at random from those in 
existence at Letterewe and neighbouring estates. The larger exclosures encompassed areas 
over 4 km
2 
(Little Gruinard) and 2 km
2
 (Lochan Beannach Mὸr) with plenty of the target 
vegetation in each. The seven exclosures selected randomly from along the edge of Loch 
Maree were much smaller individually – collectively exclosing an area just over 1 km2. With 
the exception of one of the Loch Maree exclosures there had been very little tree regeneration 
inside any of the selected exclosures. Potential blocks were identified at each of the 
exclosures and then selected randomly. At each block, one plot (100 m
2
 sample area) was 
chosen at random from up to four potential candidates either side of the fence. Care was 
taken to ensure that pairs of plots were away from the edge of the exclosure, had the same 
vegetation type, aspect, gradient, underlying geology and similar altitude to minimise 
confounding effects. 
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Figure 3.1. Map of the Letterewe and Little Gruinard study area, Wester Ross, Scotland, 
showing position of the randomly selected exclosures (drawn to approximate scale). Map 
produced by MapMate using Digital Map Data © Bartholomew 2010. 
 
Loch Maree 
Letterewe exclosures erected 2006–2010  
4 km 
Little Gruinard exclosure erected 2000 
Lochan Beannach Mòr exclosure erected 1997 
N 
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Within each plot, three 2 m x 2 m quadrats were placed using random number co-ordinates 
(Figure 3.2). Quadrat size, shape and number had been determined in a pilot study. Twelve 
blocks were sampled in total from the seven exclosures along the edge of Loch Maree, eleven 
blocks were sampled from the Little Gruinard exclosure and nine blocks were sampled from 
the Lochan Beannach Mὸr exclosure. Power analysis showed that there would be little benefit 
in collecting data beyond these 32 blocks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Diagram showing the hierarchical sampling design used in this investigation (not 
drawn to scale). 
 
Deer exclosure 
Quadrat 4 m
2
 
Plot 100 m
2
 
Block 
56 
 
The percentage cover of the main canopy plants: Calluna vulgaris, Erica tetralix,  
Eriophorum spp., Molinia caerulea, Myrica gale and Trichophorum germanicum were 
recorded for each quadrat. The percentage cover of each bryophyte and lichen species was 
visually estimated within each quadrat during a rigorous search. A 0.5 m x 0.5 m quadrat 
with 0.1 m x 0.1 m divisions was used to assist with estimating percentage cover – 
particularly useful for the scarcer species enabling 0.25% precision. If a species occurred at 
cover values less than this then a value of 0.1% was given to acknowledge their presence. 
Small specimens of species such as Calypogeia sphagnicola that required identification with 
a microscope were collected. Mean vegetation height of each 100 m
2
 sample plot was 
obtained from 100 measurements to 0.05 m accuracy with a metre rule. Random number co-
ordinates were used to place 10 0.5 m x 0.5 m quadrats and then the maximum height of 
vegetation was measured at ten set points along the outside edge of the quadrat.  
 
Nomenclature complies with Hill et al. (2008) for bryophytes, Macdonald and Barrett (1993) 
for mammals, Smith et al. (2009) for lichens and Stace (2010) for vascular plants. Plant 
community descriptions follow the National Vegetation Classification (Rodwell 1991, 1992). 
 
Data analysis 
 
The percentage cover data from the 4 m
2
 quadrats were arcsine transformed ahead of 
analysis. The Shannon diversity index was used as a measure of overall evenness of species 
cover within quadrats and is described in Magurran (2004). Dominance was determined by 
dividing the cover of the most abundant cryptogam species within a quadrat by the total 
cryptogam cover in that quadrat and is a measure concerned with identity. A linear mixed 
effects model (lmer) was fitted in R version 2.11.1 (R Development Core Team 2010) to 
these data in order to test the null hypothesis that an absence of red deer has had no impact on 
bryophyte and lichen species cover, cryptogam species diversity and dominance for the 
population of exclosures in wet heath vegetation. The fixed effect in this model was the 
treatment (exclosed or grazed) and the random effects derived from the hierarchical nature of 
the sampling strategy (quadrats within plots within blocks within exclosure locations). This 
model also accounted for the pseudoreplication within each plot. Variance components 
analysis (VCA) of the random effects enabled us to discover the scale at which most of the 
unexplained variation in the data was generated (Crawley 2013). Mean vegetation height, 
Calluna vulgaris, Molinia caerulea and Trichophorum germanicum cover were also analysed 
by lmer. 
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In other analysis of the species cover data, only the genuine replication associated with the 
nine exclosures was examined. The average species cover data from either side of each of 
these nine exclosures were analysed using linear models (ANOVA) to compare differences in 
the response variable between the exclosed and grazed area. 
 
Cryptogam species richness within quadrats was analysed using a generalised lmer by 
specifying a Poisson error structure to take account of the non-constant variance associated 
with count data and the log-link function was applied to ensure the predicted counts were 
non-negative. The presence/absence data for each species were analysed in an lmer by 
specifying a binomial error structure. This analysis of the binary response variables is not 
influenced by the great number of zero values in the data but does lose sensitivity.   
 
Model simplification in ANCOVA was conducted to identify which of the explanatory 
variables were most important, and to investigate whether there were any significant 
interactions between them, for each of the species that showed significant differences in mean 
arcsine cover. The maximal models included potentially relevant continuous data such as 
mean vegetation height, abundance of Molinia, Calluna and Sphagnum capillifolium ssp. 
rubellum as well as the quadratic terms for these variables if appropriate. The ‘Exclosed’ 
subset of the data was also analysed in this way to examine the influence of exclosure age. 
ANOVA was used to compare models in order to justify keeping or removing variables 
during the simplification process. Each minimum adequate model (MAM) produced was 
tested for goodness of fit and then analysed by lmer to account for the pseudoreplication 
within plots. 
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3.5 Results 
 
A total of 89 cryptogam taxa were recorded from the 192 quadrats (see Appendix A for a full 
species list). There were 83 taxa recorded from quadrats within the exclosures and 69 taxa 
recorded from those outwith. The M15 wet heath community was represented in 27 of the 32 
blocks. The M17a Drosera rotundifolia–Sphagnum sub-community of the Trichophorum 
germanicum–Eriophorum vaginatum blanket mire comprised the vegetation of the other five 
blocks. There was no significant difference in cryptogam dominance, Shannon diversity and 
species richness between the exclosed and grazed treatment. However, certain individual 
bryophyte and lichen species responded positively to deer exclosure. 
 
Table 3.1. Mean arcsine cover values of selected bryophyte and lichen species between 
exclosed and grazed levels of red deer treatment following analysis of data from 2 m x 2 m 
quadrats in a linear mixed effects model. The Standard Error (SE) is for the difference 
between means. Significant t values are in bold type. (Percentage cover is shown in brackets). 
 
 Mean arcsine cover (radians) 
Species Effect of exclosure Exclosed Grazed SE t value 
 
Cephalozia connivens + 0.013 (<0.1%)
 
0.004 (<0.1%) 0.004 2.078 
Cephalozia loitlesbergeri + 0.011 (<0.1%) 0.003 (<0.1%) 0.003 2.633 
Cladonia portentosa + 0.127 (1.6%) 0.033 (0.1%) 0.020 4.720 
Cladonia uncialis ssp. biuncialis + 0.029 (0.1%) 0.017 (<0.1%) 0.005 2.411 
Mylia taylorii + 0.050 (0.3%) 0.030 (0.1%) 0.009 2.085 
Odontoschisma sphagni + 0.121 (1.5%) 0.090 (0.8%) 0.010 2.987 
Pleurozia purpurea – 0.062 0.097 0.018 1.923 
Sphagnum capillifolium ssp. rubellum + 0.510 (24.0%) 0.276 (7.5%) 0.044 5.289 
Pleurozia purpurea – 0.062 0.097 0.018 1.923 
Sphagnum compactum – 0.010 0.041 0.018 1.763 
Sphagnum subnitens – 0.055 0.085 0.018 1.708 
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Species cover 
Sphagnum capillifolium ssp. rubellum, Cephalozia connivens, C. loitlesbergeri, Mylia 
taylorii, Odontoschisma sphagni, Cladonia portentosa and C. uncialis ssp. biuncialis were all 
found to be significantly greater in cover within the exclosed treatment (Table 3.1). VCA 
showed that most of the unexplained variation in the data occurred at the level of the quadrat 
– particularly for the Cephalozia spp. and M. taylorii (Figure 3.3). This reflects the sensitivity 
of these small organisms to changes in their microhabitat. Differences between locations also 
accounted for a good deal of the unexplained variance in the data for the Cladonia spp. and 
O. sphagni. Total bryophyte, total Sphagnum and total lichen cover were all found to be 
significantly greater within the exclosures but this was not the case once data for S. 
capillifolium ssp. rubellum and Cladonia portentosa and C. uncialis ssp. biuncialis were 
removed. 
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Figure 3.3. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of arcsine species cover 
using data from the 2 m x 2 m quadrats. 
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When the average quadrat data for each of the nine exclosures were used to determine if there 
was a difference in species cover either side of the deer fence in linear models (ANOVA), 
only arcsine cover of S. capillifolium ssp. rubellum remained significantly greater within the 
exclosures (P < 0.05). 
Other vegetation 
Mean arcsine cover of Calluna vulgaris (radians) was found to be significantly greater in 
quadrats within exclosures at 0.563 compared to 0.479 from those outside (±0.026 standard 
error of the difference between means). The reverse was true for Trichophorum germanicum 
but there was no significant difference in the abundance of Molinia caerulea in quadrats 
either side of the exclosure. The mean height of vegetation (m) was significantly higher in 
plots within exclosures at 0.48 compared with 0.40 in plots outside (±0.009 standard error of 
the difference between means). VCA showed that greatest variation in vegetation height 
occurred at the level of measurement (accounting for 38.6% of the unexplained variance) and 
23.3% of the variation was between locations (largely due to the impossibility of 
simultaneous measurement for each location).  
Species prevalence 
Analysis of the presence/absence data showed there to be a significantly greater prevalence of 
Cephalozia loitlesbergeri (P < 0.05) and M. taylorii (P < 0.001) within the exclosures. There 
was no significant difference in the prevalence of Cephalozia connivens, Cladonia 
portentosa, C. uncialis ssp. biuncialis, Odontoschisma sphagni and Sphagnum capillifolium 
ssp. rubellum. Sphagnum compactum was significantly more prevalent outside of the 
exclosures (P < 0.05). This bryophyte is described as a poor competitor and occurs in wet 
heaths with open vegetation and some bare wet ground (Atherton et al. 2010), such as that 
generated by red deer activity. 
Explanatory variables influencing cover of Sphagnum capillifolium ssp. rubellum 
Following simplification in an ANCOVA, the MAM accounting for arcsine cover of S. 
capillifolium ssp. rubellum showed a significant positive correlation (P < 0.001) with Calluna 
cover (Figure 3.4) and a negative relationship (P < 0.01) with mean vegetation height. 
Presence or absence of red deer was still an important explanatory variable in this model with 
significantly greater cover of S. capillifolium ssp. rubellum within the exclosure (P < 0.01). 
There was also a significant negative interaction with Calluna and Molinia cover – at greater 
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Molinia cover the positive relationship between Calluna and S. capillifolium ssp. rubellum 
was reduced. This reflects the grassy nature of the more recently grazed plots. The model 
accounted for 41.9% of the variation in the data and had a reasonable goodness of fit. 
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Figure 3.4. There was a highly significant positive relationship between arcsine cover of 
Sphagnum capillifolium ssp. rubellum and Calluna vulgaris. The upper line represents data 
from quadrats within the exclosure and the lower line corresponds to data from quadrats 
outside of the exclosure, illustrating the significantly different intercepts.  
 
Explanatory variables influencing cover of Odontoschisma sphagni and other liverworts 
There was a highly significant positive relationship (P < 0.001) between arcsine cover of S. 
capillifolium ssp. rubellum and Odontoschisma sphagni borne out in the MAM for this 
liverwort (Figure 3.5) after model simplification in ANCOVA. There was also a significant 
negative quadratic function with Molinia cover. There was a certain amount of 
heteroscedasticity in the residuals and slightly non-normal errors but the high significance of 
the output out-weighs any concern. The MAM for O. sphagni accounted for 41.6% of the 
variation in the data. 
Calluna vulgaris (radians) 
S
p
h
a
g
n
u
m
 c
a
p
ill
if
o
liu
m
 (
ra
d
ia
n
s
) 
62 
 
Mylia taylorii also had a significant positive relationship (P < 0.001) with S. capillifolium 
ssp. rubellum but caution must be expressed concerning this model since there was 
substantial curvature in the normal errors and the variance dramatically increased with the 
mean of the fitted values. No model simplification was attempted for Cephalozia connivens 
and C. loitlesbergeri due to the scarcity of these species within quadrats. 
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Figure 3.5. The MAM for Odontoschisma sphagni showed a highly significant positive 
relationship with arcsine cover of Sphagnum capillifolium ssp. rubellum. 
 
Explanatory variables influencing cover of the Cladonia lichens 
In the MAM for C. portentosa there was a highly significant positive correlation with age of 
exclosure and negative correlation with cover of Molinia. Significant negative interaction 
terms existed for age of exclosure and mean height of vegetation and age of exclosure and 
Calluna cover and a positive three way interaction for age of exclosure, mean height of 
vegetation and Calluna cover (all P < 0.001). Goodness of fit was fairly poor for this model. 
Attempts were made to reduce the curvature in the normal errors, such as log-transforming 
the mean vegetation height data and repeating the model simplification process but to no 
avail. Since the output was highly significant the poor goodness of fit was of little concern. 
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The minimal model for C. portentosa accounted for 56.6% of the variation in the arcsine 
cover data of this lichen. 
There was a significant positive correlation between C. uncialis ssp. biuncialis and age of 
exclosure (P < 0.001) in the MAM for this lichen; and significant negative relationships with 
mean height of vegetation (P < 0.001) and abundance of Molinia (P < 0.05) that also had a 
significant quadratic function. A significant positive and decelerating relationship existed 
with arcsine cover of Calluna and several significant interaction terms remained in this 
simplified model. This included a negative four-way interaction between age of exclosure, 
Molinia cover, mean height of vegetation and Calluna cover. The normal errors were linear 
and the heteroscedasticity was acceptable in the residuals. The model accounted for 57.3% of 
the variation in the arcsine cover data of C. uncialis ssp. biuncialis. 
The influence of exclosure age on Cladonia lichen cover 
There was a highly significant positive relationship with age of exclosure and negative 
relationship with arcsine cover of Molinia caerulea (both P < 0.001) in the MAM for C. 
portentosa cover using only the ‘Exclosed’ subset of data. A similar MAM was obtained for 
C. uncialis ssp. biuncialis cover with the ‘Exclosed’ dataset (Figure 3.6) but there was also a 
significant negative interaction term (P < 0.01) remaining in this model between age of 
exclosure and mean height of the vegetation. In the tallest vegetation, there was a reduced 
positive relationship between abundance of C. uncialis ssp. biuncialis and age of exclosure. 
Whilst this species is able to persist in tall and grassy vegetation (Fryday 2001), competition 
reduces its cover. All other explanatory variables, interactions and quadratic functions had 
been removed during the simplification process. The model accounted for 47.4% and 56% of 
the variation respectively for C. portentosa and C. uncialis ssp. biuncialis and gave a 
reasonable goodness of fit for the latter but remained poor for the former. The MAMs 
obtained from only the ‘Exclosed’ subset of data for these lichens were much simpler than 
those derived from the full dataset. Including the ‘Grazed’ data must introduce ‘noise’ and 
perhaps reflects the patchiness of red deer impact. 
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Figure 3.6. There was a highly significant positive relationship with age of the exclosure 
(top); and negative relationship with arcsine cover of Molinia caerulea (below) in the MAM 
for the ‘Exclosed’ subset of arcsine cover data for Cladonia uncialis ssp. biuncialis.  
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Variance components analysis of the minimal adequate models 
The greatest amount of unexplained variation in the data occurred at the level of the quadrat 
after the MAMs had been analysed by lmer (Figure 3.7). There was no longer any 
unexplained variance at the level of the location in the data for the Cladonia lichens. Since 
location refers to specific exclosures of different age, the fixed effect of exclosure age within 
the MAM may well be accounting for this variance. 
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Figure 3.7. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of the minimal adequate 
models generated in ANCOVA. 
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3.6 Discussion 
An absence of red deer for a period of up to 14 years had no significant effect on bryophyte 
and lichen species richness, dominance and Shannon diversity in wet heath vegetation present 
in the study area. Virtanen et al. (2002) also found very little evidence for any significant 
impact of red deer grazing on plant species diversity in the least productive wet heaths on 
Rum. However, the lack of trampling and grazing impact by a large herbivore in the short- to 
medium-term has significantly increased the cover of seven species of cryptogam within the 
exclosures. This contrasts with Virtanen et al. (2002) who found no difference in plant 
species abundance between exclosed and grazed areas of wet heath. However, the 
unproductive wet heath on Rum was primarily of the cryptogam-impoverished M25b 
Anthoxanthum odoratum sub-community of the Molinia caerulea-Potentilla erecta mire. 
The significantly greater cover of Sphagnum capillifolium ssp. rubellum within the exclosures 
in this study may have resulted from the absence of trampling damage caused by red deer, 
consistent with Bayfield (1979) and Dayton and O’Hanrahan (2011). The significant positive 
relationship between S. capillifolium ssp. rubellum cover and Calluna abundance contributes 
another possible explanation. Clymo and Reddaway (1974) found that the growth rate of S. 
capillifolium ssp. rubellum was positively correlated with the standing crop of C. vulgaris in 
the blanket bogs of the Pennine Hills, northern England. High levels of relative humidity, 
reduced irradiance and a narrower temperature range caused by a cover of vascular plants 
provide optimal growing conditions for Sphagnum species (Harley et al. 1989; Pouliot et al. 
2011). Even dead ericoid shrubs can limit air movement and increase the thickness of the 
boundary layer enough for relative humidity to be raised (Pouliot et al. 2011). Pouliot et al. 
(2011) found that Sphagnum was sufficiently protected by a moderate vascular plant canopy 
cover (ca. 50%) without impeding hummock growth by excessive shading. In the short- to 
medium-term at least, the greater abundance of S. capillifolium ssp. rubellum within the 
exclosures could be responding to the significantly greater cover of C. vulgaris in the 
exclosed treatment. However, as Averis et al. (2004) cautioned, Calluna and Molinia might 
come to dominate the wet heath at the expense of other species, with a pro-longed absence of 
grazing. 
Hummock-forming species of Sphagnum (such as S. capillifolium ssp. rubellum) have a 
lower evaporation rate and are better at water-transport via an external capillary network 
compared to those associated with hollows (such as Sphagnum fallax) and are thus less often 
67 
 
dry (Rydin 1993). This may go some way towards explaining why Sphagnum species that 
form hummocks favour the growth of several species of tiny hepatics and why there was a 
decreased abundance of species such as Cephalozia loitlesbergeri out-with the exclosures, 
even though other species of Sphagnum showed no difference in abundance. C. loitlesbergeri 
is considered to be almost confined to Sphagnum (Porley and Hodgetts 2005). 
Odontoschisma sphagni is one of the commonest liverworts on hummocks of Sphagnum in 
wet heaths and moorlands (Clymo and Hayward 1982; Paton 1999; Atherton et al. 2010). 
Therefore, it is not surprising that there was a significantly greater mean cover of O. sphagni 
within exclosures. Some caution is required when interpreting the data for the tiny 
Cephalozia species since only very small absolute cover values were involved.  
The significantly greater cover of Cladonia portentosa and C. uncialis ssp. biuncialis inside 
exclosures supports previous research on the effects of other large herbivores (Marrs and 
Welch (1991); Fryday 2001; Pellerin et al. 2006). Damage by human trampling to thalli of C. 
portentosa and C. uncialis ssp. biuncialis in close proximity to footpaths in the Cairngorm 
has been reported by Bayfield et al. (1981). Trampling by large ungulate grazers does not 
necessarily reduce lichen diversity. Gilbert (2000) described the luxuriant cushions of 
Cetraria islandica, Cladonia arbuscula and C. portentosa inside 40-year old exclosures in 
the northern Pennines. The same species were present (as broken fragments only) outside of 
the exclosures but were four times less abundant due to trampling by sheep (Gilbert 2000). 
Red deer may be having a similar impact at Letterewe and Little Gruinard where there was 
also no significant difference in the prevalence of C. portentosa and C. uncialis ssp. 
biuncialis either side of the exclosures.  
Thallus fragmentation is thought to be an important mechanism for reproduction in the case 
of Cladina lichens (e.g. C. portentosa) where the apothecium has become a photosynthetic 
organ (Rogers 1990). Cladonia uncialis ssp. biuncialis is thought to establish particularly 
well from larger fragments of thallus (Bayfield et al. 1981).This implies that a certain amount 
of trampling by red deer may assist with dispersal and the establishment of new colonies of 
these lichens. However, growth of lichens from fragments is slower than from intact thalli 
(Cooper et al. 2001). Evidence from the deer exclosures in this study supports Bayfield 
(1979) who found that Cladonia lichens are capable of making a fairly good recovery after 
eight years in the absence of human trampling. 
68 
 
Since the experimental treatments were not randomly allocated in homogeneous habitat at the 
outset, there is a chance that pre-existing conditions may have more bearing on the observed 
differences than presence or absence of red deer (Virtanen et al. 2002). Confounding factors 
were reduced as far as possible so that the main difference at each block was caused by the 
presence or absence of red deer. Some differences in observational studies of this type may 
still result from natural variability (Pellerin et al. 2006). However, the linear mixed effects 
model proved useful in accounting for differences in natural variation between each location, 
block, plot and quadrat. Observational studies such as this gain statistical power only through 
replication (Virtanen et al. 2002) and placing three quadrats in each plot instead of just one 
also increased the reliability of the data. There was no evidence of red deer inside most of the 
exclosures (including the oldest exclosure in the study area) but transgression does sometimes 
occur. These breaches are dealt with swiftly by the stalkers and therefore, the impact on the 
data should be negligible. Differences in exclosure size influenced only the number of 
potential blocks that could be selected in the target vegetation.  
The presence of exclosures within the landscape may be exacerbating the red deer impact 
outside of the fenced area in the absence of compensatory culling (Thomson et al. 2006). 
Other disadvantages of deer exclosures are summarised in Warren (2009). Nonetheless, 
seedling establishment and sapling growth is almost non-existent outside of exclosures at 
Letterewe (Milner et al. 2002). Allowing woodland and moorland habitats to regenerate in 
the presence of lower numbers of red deer would be the ideal ecological solution (Staines et 
al. 1995; Averis 2001; Sanderson and Wolseley 2001). However, natural regeneration cannot 
be guaranteed even where low densities are attained since harsh winter weather leads to 
locally high numbers of red deer in the proximity of woodland with subsequent damage 
(Milner et al. 2002). Clutton-Brock et al. (2004) recommend reducing the stocking rate of 
both sheep and deer to a level that halts heather loss and using exclosures to protect sensitive 
woodland.  
Whilst cryptogam species richness, dominance and diversity associated with wet heath 
vegetation was not significantly different either side of the deer fences in this study, there 
were differences in the cover of individual cryptogams. Our results show that in the absence 
of an estimated 8–14.5 red deer km-2 there is significantly greater mean cover of five 
bryophyte and two lichen species in wet heath and blanket bog vegetation, at Letterewe and 
Little Gruinard, over the short- to medium-term. It is reasonable to predict that enhanced 
damage to cryptogams (e.g. Sphagnum capillifolium ssp. rubellum) through direct trampling 
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and also through impact on Calluna cover in this habitat would result from higher densities of 
red deer. This supports evidence presented by Albon et al. (2007) and so the upper limit of 25 
red deer km
-2
 to prevent heather loss in wet heath vegetation (Cadbury 1992) should be 
lowered in order to avoid substantial damage to important cryptogam communities in 
situations similar to the study area. 
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4.1 Abstract 
Background: There are a number of large boulders at Letterewe, Wester Ross, for 
which red deer (Cervus elaphus) are naturally excluded from the uppermost surface. 
Aims: To determine whether plant succession occurred unchecked by grazing on 
these ungulate-free refuges with cascading effects on bryophytes and lichens – 
assuming inaccessible and accessible boulders had been in place over the same time 
period. 
Methods: Fifty pairs of boulders (one ≥ 2 m and the other accessible to red deer) were 
selected at random from various locations below a long stretch of north-facing crags. 
Percentage cover of each bryophyte and lichen species was estimated from three 
randomly placed quadrats on each boulder top. Due consideration was given to the 
influence of island biogeography theory in subsequent model simplification. 
Results: Mean shrub cover and height, leaf-litter, bryophyte cover, species richness 
and diversity were significantly higher within quadrats on those boulder tops 
inaccessible to red deer. The opposite was true for lichen cover, species richness and 
diversity. There were significant negative relationships between mean lichen diversity 
and mean shrub height, bryophyte cover and litter cover. Mean bryophyte diversity 
showed a significant positive relationship with mean litter cover, shrub height and 
vegetation cover. 
Conclusions: Natural exclusion of red deer from the tops of large boulders has 
created refugia for un-grazed plant succession. Saxicolous lichen species have been 
replaced by bryophytes that thrive below a canopy of dwarf-shrubs in this lithosere. 
The results are relevant to situations where red deer might be excluded from boulder 
fields that hold lichen communities of conservation value. 
 
 
 
 
 
4.2 Key-words: Cervus elaphus, conservation, grazing, species diversity, succession 
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4.3 Introduction 
Bryophytes and lichens contribute considerably to overall Scottish biodiversity (Church et al. 
1996, 2001; Hodgetts 1997). Siliceous rock is a very important substrate for lichen species 
diversity in particular (Gilbert 2000; Porley and Hodgetts 2005) and boulders lying within a 
matrix of otherwise unsuitable wet heath vegetation represent valuable habitat islands. There 
are many large boulders at Letterewe, Wester Ross for which the uppermost surface is 
inaccessible to red deer (Cervus elaphus). These ungulate-free refuges permitted 
investigation of saxicolous cryptogam community response to a natural absence of red deer. 
Boulders have the advantage over exclosures of being natural features in this environment. 
 
Numbers of red deer have increased from ca. 150,000 in the 1960s to ca. 350,000 in the 21
st
 
century according to sources cited in Warren (2009). This is consistent with a dramatic 
increase in deer numbers worldwide over the same period of time (Côté et al. 2004; Dolman 
et al. 2010). Red deer have become the foremost large herbivore in the Highlands of Scotland 
(Fryday 2001) due to milder winters associated with a changing climate and reduced sheep 
stocks in recent decades (Clutton-Brock et al. 2004). This has been a cause of concern for 
conservation organisations who anticipate the widespread loss of heather and continued 
prevention of natural woodland regeneration in the Highlands (Clutton-Brock et al. 2004). 
Red deer have a selective impact on their environment through what they browse and where 
they choose to graze, rest and shelter which directs their trampling, dunging and urinating 
activities (Welch 1997). This causes shifts in vegetation dynamics and influences which 
plants become dominant that result in cascading effects on other taxa (Côté et al. 2004). 
Therefore, a comparison of saxicolous bryophyte and lichen communities on rocks accessible 
to red deer with those that are not helps with our understanding of the impacts of this large 
herbivore. This is important to inform those concerned with red deer management in the 
Highlands and elsewhere. 
 
Physical features of the environment such as boulder tops, up-turned tree root-plates and 
inaccessible cliffs have long been recognised as ungulate-free refuges for plants to flower 
without being predated and woodland to regenerate (Rooney 1997; Long et al. 1998; Banta et 
al. 2005). Milchunas and Noy-Meir (2002) noted the importance of small geologic refugia 
from herbivores for the maintenance of higher plant diversity, citing many studies from 
around the world. Banta et al. (2005) showed that there was a higher abundance and diversity 
of flowering plant species on boulder tops inaccessible to white-tailed deer (Odocopileus 
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virginianus) compared with sample areas on the forest floor in the Allegheny National Forest, 
Pennsylvania. However, their results are somewhat confounded by differences in edaphic 
properties and root competition that would be experienced on the forest floor but not on the 
boulder (Banta et al. 2005). Comisky et al. (2005) improved on this investigation by 
including a comparison with the vegetation on smaller boulders and by surveying in 
woodland over 30 km distant from the previous study to see if the pattern was repeated. They 
found that woody and herbaceous plant species richness and abundance was much higher on 
tall boulders than on the smaller boulders. Deer browsing was implicated in preventing an 
increase in higher plant species richness with an increase in area of the smaller boulders. The 
subjective selection of boulders prevented application of parametric statistics to their data. 
Bryophyte and lichen species were not included in the investigation and data were collected 
from just 12 large and 8 small boulders. Our investigation used power analysis to ensure a 
suitable number of samples for statistical analysis and randomisation throughout the sampling 
design to minimise bias. 
 
Boulders were assumed to be of similar age in our study. However, the data might still be 
confounded by effects associated with spatial dynamics. According to island biogeographic 
theory (MacArthur and Wilson 1967), species richness of any particular taxon found on 
oceanic islands depends on extinction and immigration rates and these are functions of island 
area and distance from the mainland respectively (Arnesto and Contreras 1981). The 
probability of colonisation is also increased with greater connectivity among habitat islands 
and so less isolated patches of habitat should have a greater number of species (Virtanen and 
Oksanen 2006). The connectivity of habitat fragments is greatly influenced by the 
surrounding matrix of modified vegetation that permits dispersal and survival of species in a 
way that an ocean would not (Ricketts 2001; Laurance 2010).  Boulder size and connectivity 
have had a significant effect on the cryptogam species richness of boulders in some studies 
(Weibull and Rydin 2005; Virtanen and Oksanen 2006) but not in others (Kimmerer and 
Driscoll 2000). 
 
Island biogeography theory is interpreted as an equilibrium theory because a continual 
turnover of species is predicted in ecological communities rather than a stable composition of 
species (Hubbell 2010). The theory of island biogeography assumes that species are 
interchangeable so they have an equal chance of colonisation and extinction after arrival 
(Hubbell 2010). This contrasts with the contemporary idea that different species occupy 
specific niches, in restricted communities of co-existing species, competing for resources 
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equally and closed to invasion from other species (Hubbell 2010). Arnesto and Contreras 
(1981) argued that equilibrium theory does not apply to lichen communities of isolated rocks 
because of the extremely low turnover rates involved. Instead, they suggested that lichen 
species will accumulate on stable rock habitats in ecological time until a limit is reached that 
is defined by the availability of microhabitat. Larger rocks have more microhabitat available 
for the germination and growth of lichens than smaller rocks (Arnesto and Contreras 1981). 
Since boulder area and connectivity cannot be controlled in this natural experiment the 
necessary details were recorded during fieldwork. 
 
Whilst competition is known to occur among lichens (Barkman 1958; Hawksworth and 
Chater 1979; Pentecost 1980; Armstrong 1982, 1986, 2002; Armstrong and Welch 2007), 
competitive exclusion is considered to be less important in the development of saxicolous 
lichen communities because the lichens that colonise rocks have very slow rates of growth 
(Lawrey 1991). Theoretical replacement rules that favour chemically well-defended and 
long-lived equilibrium species with a specific functional role are unlikely in saxicolous lichen 
successions that are best characterised by species additions rather than losses (Lawrey 1991). 
Other factors are thought to affect local populations of lichens on rocks long before any kind 
of equilibrium might be reached (Arnesto and Contreras 1981). Stochastic events such as 
chunks of rock falling away due to freeze-thaw weathering would create opportunities for 
lichens to colonise the newly exposed surface. Plant succession may also affect local 
saxicolous lichen populations through modification of the microclimate of rock habitats 
(Arnesto and Contreras 1981). Therefore, it was hypothesised that lichen diversity, species 
richness and species cover would be reduced on those boulder tops inaccessible to the 
browsing attentions of red deer, due to plant succession. 
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4.4 Method 
 
Site description 
 
Letterewe Estate is privately-owned and comprises ca. 20,000 ha in the northwest Highlands 
of Scotland. Management of the estate is governed by its sporting interests. Red deer density 
at Letterewe has been estimated at 14.5 km
-2
 (Milner et al. 2002) but annual counts from a 
helicopter have been lower in recent years at 8 km
-2
 (Stephen Miller pers. comm. 2012). 
However, caution is advised concerning estimates of red deer density without repeat counts 
during the year (Daniels 2006). The absence of sheep grazing for > 30 years makes Letterewe 
a favourable location for this investigation and the only other large herbivore is a small 
population of goats that frequent the woodland along the edge of Loch Maree (Milner et al. 
2002). The study area is subject to mild winters and cool summers and receives ≥ 1 mm rain 
on > 220 days per year (Meteorological Office 2013). Nitrogen loading is low in the Loch 
Maree area (Mitchell et al. 2005) ranging from 5.18 – 6.30 kg N ha-1 year-1 based on the latest 
three-year averages (Air Pollution Information System 2013). Lewisian gneiss underlies 
much of the estate with outcrops of Torridonian sandstone in the higher summits (British 
Geological Survey 1962). Several suitable boulder fields exist, at different locations, below 
an impressive series of north-facing cliffs that extend for approximately 10 km in a southeast 
to northwest direction. These are comprised of the siliceous rock known as horneblende 
schist (British Geological Survey 1962). 
 
The boulders in the study area rest in a matrix of the slow-growing and unproductive M15 
Trichophorum germanicum–Erica tetralix wet heath community (Rodwell 1991). This 
community accounts for 54% of the total land cover of the Letterewe estate (Milner et al. 
2002) and occupies ground that would once have held woodland (Averis et al. 2004). 
Remnant birch and rowan woodland grows from inaccessible parts of the cliffs from which 
the boulders originate. One or two trees have colonised a few of the larger boulders that are 
inaccessible to red deer. Some (but not all) of these boulders are covered in a deep layer of 
humus, pleurocarpous bryophytes and ericoid vegetation. The vegetation on these 
inaccessible habitat islands is best described by the H12 Calluna vulgaris–Vaccinium 
myrtillus heath (Rodwell 1991) owing to the frequency of these dwarf-shrub species and 
Empetrum nigrum and only occasional Erica cinerea (Elkington et al. 2001). A few large 
boulders supported the H21b Mastigophora woodsii–Herbertus aduncus ssp. hutchinsiae 
sub-community of the Calluna vulgaris–Vaccinium myrtillus–Sphagnum capillifolium heath 
82 
 
(Rodwell 1991). Those boulders sampled from drier parts of the slope where the heath had 
been grazed down to a U4 Festuca ovina–Agrostis capillaris–Galium saxatile grassland 
community (Rodwell 1992) showed a stark contrast between boulder top and surrounding 
vegetation. Racomitrium lanuginosum was a feature of many of the rocks in the wet heath 
vegetation at Letterewe sometimes completely covering the topmost surface. Wet heath 
vegetation also occurred on top of several of the lower rocks. 
 
The main lichen community of the upper surfaces of siliceous rocks within the study area is 
best described by the Pamelietum omphalodis association of the Umbilicarion cylindricae 
alliance (James et al. 1977) or the SS F2 Parmelia saxatilis–Parmelia omphalodes 
community (Orange 2009).  Parmelia omphalodes is abundant on several boulders and other 
lichens were frequent such as Hypogymnia physodes, Ochrolechia androgyna, O. tartarea, 
Ophioparma ventosum, Parmelia saxatilis, Pertusaria corallina and Sphaerophorous 
globosus that characterise this association. Hypnum andoi and other bryophytes, such as those 
belonging to the genus Racomitrium, are common in this community (Orange 2009). Other 
lichens encountered on un-vegetated and well-drained rock surfaces of hard siliceous rocks in 
the study area belonged to the Umbilicarietum cylindricae association (James et al. 1977). 
This included the SS A1 Rhizocarpon geographicum–Fuscidea lygaea, SS B3 Fuscidea 
lygaea–Porpidia tuberculosa and SS F1 Rhizocarpon geographicum–Umbilicaria cylindrica 
communities as described by Orange (2009). The species-poor SS D4 Lecidea lithophila 
community (Orange 2009) was also encountered but infrequently. 
 
Procedure 
 
Fieldwork was carried out in summer 2012. Potential locations within the study area that held 
boulders large enough to exclude red deer were identified on a 1:50,000 Ordnance Survey 
map and then eight were selected at random. All potential sites were on north-facing slopes 
below cliffs and crags to control for climate and insolation. Boulder tops deemed inaccessible 
to red deer, such as those ≥ 2 m above the ground or of prohibitive shape if slightly lower 
than this, were sampled at these locations. Five accessible boulders of the same geology in 
the vicinity of each large boulder were identified then one was selected at random for 
comparison. The height and upper-most surface area of each boulder was established using a 
tape measure. In order to ascertain the connectivity of each boulder, boulder density m
-2
 was 
calculated based on a count of rocks within a 5 m radius. 
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Three 0.2 m x 0.2 m quadrats were placed at random on top of each boulder selected for 
sampling. Hence, the sampling design was of a hierarchical nature with three 
pseudoreplicates per boulder. One boulder was accessible to red deer and the other was 
inaccessible so the pair of boulders constituted a ‘block’. The most suitable quadrat size, 
shape and number had been determined in a pilot study. Making use of an acetate overlay 
with 100 circles of 20 mm diameter (described in Bates 1992) the percentage cover of each 
bryophyte and lichen species was estimated visually. Most taxa were identified in the field 
but small specimens of lichens were collected when identification with a microscope and 
keys were necessary. Occasional specimens required the assistance of a referee for 
identification. There were some lichen specimens for which identification was impossible 
owing to their condition or lack of fertility for example. These unknowns were recorded on 
the data sheet separately if there were more than one in a quadrat. The percentage cover of 
non-cryptogam plant species and leaf-litter was also recorded from each quadrat. The altitude 
of each rock was determined using a GARMIN eTrex Legend GPS device. For quickness, 
micro-gradient was scored on a five-point scale from the horizontal (1) to vertical (5) based 
on the angle of the quadrat. Roughness of the rock was allocated a score of 1 (smooth), 2 
(intermediate) or 3 (very rough) and aspect of the rock beneath each quadrat was also noted. 
Mean height of non-cryptogam vegetation (metres) within each quadrat was determined with 
a metre rule based on five measurements on a randomly selected diagonal. Cryptogam height 
was measured in a similar fashion but with a smaller rule. Bryophyte and lichen species 
richness was recorded for the entire top surface of each boulder sampled. Data were collected 
from 50 pairs of boulders giving 150 quadrats in total from each treatment – as directed by 
the power analysis. 
 
Nomenclature is in accordance with Hill et al. (2008) for bryophytes, Macdonald and Barrett 
(1993) for mammals, Smith et al. (2009) for lichens and Stace (2010) for vascular plants. 
 
Analysis 
 
A linear mixed effects model (lmer) was used to analyse the species cover data within 
quadrats due to the hierarchical nature of the experimental design and the pseudoreplication 
on each boulder top. The fixed effect was presence or absence of red deer and the random 
effects took account of quadrats within boulders, within pairs of boulders, within locations. 
Variance components analysis (VCA) revealed what percentage of the unexplained variance 
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in the data was attributed to each of the random effects after that explained by the fixed effect 
had been removed. 
 
The percentage cover data were arcsine transformed (units in radians) before an lmer was 
fitted in R version 2.11.1 (R Development Core Team 2010) to test the null hypothesis that a 
natural exclusion of red deer, from the top surfaces of large boulders, in a matrix of wet heath 
vegetation, had no effect on the cover of selected species of bryophyte and lichen. Total 
bryophyte, total lichen and total dwarf-shrub species cover within quadrats were analysed in 
the same manner. Differences in mean cryptogam height and mean vegetation height between 
deer accessible and inaccessible boulder tops were also analysed in an lmer. 
 
Division of the most abundant species’ cover by the total cover of all species belonging to a 
particular taxonomic group, within each quadrat, gave us a value for dominance. Calculation 
of the Shannon diversity for bryophytes and lichens within each quadrat indicated the 
evenness of species cover. These data were then analysed in an lmer to test the null 
hypothesis that there was no difference in mean bryophyte and lichen dominance or diversity 
between boulder tops that were accessible to red deer and those that were not. 
 
A Poisson error structure was specified to the generalised lmer used to analysed bryophyte 
and lichen species richness within quadrats. This dealt with the non-constant variance 
associated with count data and a log-link function constrained the predicted counts to the 
non-negative. 
 
Model simplification in an ANCOVA was performed to determine which of the explanatory 
variables influencing total bryophyte cover, total lichen cover, bryophyte and lichen diversity 
within quadrats were most important. The relevant quadrat data from each boulder were first 
averaged to remove the pseudoreplication before model simplification.  Tree models, box 
plots and scatter graphs were generated to assist with the initial parameterisation of the 
maximum models. Parameters considered for inclusion in the maximum models were 
categorical variables such as treatment (accessibility of the boulder to red deer or not), aspect, 
micro-gradient, roughness of the rock and continuous variables including surface area of the 
boulder-top, height of the boulder, connectivity, mean shrub cover, mean shrub height, mean 
bryophyte cover (where relevant), mean litter cover and altitude at which the boulder rests. 
Model simplification for bryophyte and lichen species richness of the entire boulder top 
(count data) was performed in a generalised linear model (glm) with a quasipoisson error 
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structure due to over-dispersion in the response. Explanatory variables such as treatment, 
boulder top area, height of boulder, connectivity and altitude were included in the initial 
parameterisation of the maximum models. This analysis of boulder top bryophyte and lichen 
species richness gave an indication about how much of an influence island biogeography was 
having on the data. 
Maximum models were constructed following the guidelines given in Crawley (2005, 2013) 
on how to avoid over-parameterisation. During the model simplification process, ANOVA 
was used to justify the removal or retention of variables from successive models (specifying 
the F test to compare models with a quasipoisson error structure). The minimum adequate 
models (MAMs) produced in this way were each tested for goodness of fit and attempts were 
made to repeat the model simplification with transformed variables when goodness of fit was 
poor. 
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4.5 Results 
Mean shrub cover (t = 9.126), litter cover (t = 6.093), dwarf-shrub height (t = 8.084) and 
cryptogam height (t = 7.799) were all significantly greater on boulders that were inaccessible 
to red deer (Figure 4.1). The most common shrubs on the boulder tops were Calluna vulgaris, 
Vaccinium myrtillus, Erica cinerea and Empetrum nigrum (in order of frequency within 
quadrats – see Appendix B) but the rare occurrences of Arctostaphylos uva-ursi, Erica 
tetralix, Juniperus communis, Salix herbacea and Sorbus aucuparia were also included in the 
determination of mean shrub cover.  
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Figure 4.1. Mean values of (a) total arcsine shrub cover, (b) arcsine litter cover, (c) shrub 
height and (d) cryptogam height from quadrats on boulders in wet heath vegetation at 
Letterewe, Wester Ross, that were either accessible to red deer (D) or not (ND). The Standard 
Error is for the difference between means. 
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Figure 4.2. Mean values of (a) total arcsine bryophyte cover, (b) total arcsine lichen cover 
and Shannon diversity for (c) bryophytes and (d) lichens from quadrats on boulders in wet 
heath vegetation at Letterewe, Wester Ross, that were either accessible to red deer (D) or not 
(ND). The Standard Error is for the difference between means.  
 
There was a significantly greater mean bryophyte cover (t = 11.14) and bryophyte diversity (t 
= 2.074) within quadrats on boulder tops that naturally excluded red deer but mean lichen 
cover was significantly lower (t = 6.382) and so was lichen diversity (t = 5.828) (Figure 4.2). 
This had an effect on mean cryptogam diversity in general since it was 1.288 on boulder tops 
accessible to red deer but significantly lower (t=3.626) at 0.972 on those that were not. The 
standard error of the difference between means (SE) was ±0.087. Mean dominance by any 
one cryptogam was significantly higher (t = 3.748) on the tops of boulders that naturally 
excluded red deer at 0.667 compared to 0.553 (SE ±0.031) for accessible boulder tops. 
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Differences between quadrats accounted for most of the unexplained variation in the data 
(Figure 4.3) after the variance explained by the fixed effect had been removed. This suggests 
that more quadrats on each boulder would have been useful to account for this variability. 
There is also a case for sampling from further pairs of boulders owing to the high amount of 
unexplained variance attributed to this random effect in some of the datasets such as for 
bryophyte cover and lichen diversity. 
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Figure 4.3. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected response 
variable data from quadrats on the top of boulders. 
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Table 4.1 Mean arcsine cover values of the most frequent bryophyte and lichen species in 300 0.04 m
2 
quadrats 
on 100 boulders, that differ in their accessibility to red deer, following analysis in an lmer. The Standard Error 
(SE) is for the difference between means. Significant t values are in bold type. (Percentage cover values are in 
brackets). 
 
 Mean arcsine cover (radians) 
Species Effect of no deer Deer access  No deer access SE t value 
 
Andreaea rupestris –  0.039 (0.2%) 0.023 (<0.1%) 0.008 2.033 
Cladonia diversa + 0.022 0.027 0.009 0.581 
Cladonia portentosa + 0.009 0.037 0.016 1.766 
Cladonia subcervicornis – 0.046 0.027 0.011 1.821 
Dicranum scoparium + 0.012 (<0.1%) 0.038 (0.2%) 0.009 2.693 
Diplophyllum albicans + 0.024 0.024 0.007 0.044 
Fuscidea cyathoides – 0.073 (0.6%) 0.033 (0.1%) 0.019 2.155 
Hylocomium splendens + 0.002 (<0.1%) 0.106 (1.0%) 0.034 3.099 
Hypnum andoi + 0.080 (0.7%)
 
0.167 (2.5%) 0.032 2.747 
Hypnum jutlandicum + 0.020 (<0.1%) 0.059 (0.4%) 0.013 2.900
 
 
Lecanora polytropa – 0.057 0.053 0.010 0.396 
Lecidea lithophylla – 0.111 (1.2%) 0.054 (0.3%) 0.016 3.552 
Parmelia omphalodes + 0.159
 
0.167
 
0.025 0.333 
Pertusaria corallina – 0.141 (2.0%) 0.034 (0.1%) 0.021 5.131 
Pleurozium schreberi + 0.002 (<0.1%) 0.026 (<0.1%) 0.009 2.776 
Porpidia melinodes – 0.064 (0.4%) 0.013 (<0.1%) 0.015 3.532 
Porpidia tuberculosa – 0.046 (0.2%) 0.013 (<0.1%) 0/013 2.540 
Racomitrium fasciculare – 0.034 0.017 0.009 1.887 
Racomitrium heterostichum – 0.067 (0.5%) 0.030 (0.1%) 0.014 2.569 
Racomitrium lanuginosum + 0.358 (13.0%)
 
0.555 (27.5%)
 
0.071 2.776 
Rhizocarpon geographicum – 0.077 (0.6%) 0.029 (0.1%) 0.013 3.664 
Rhizocarpon reductum – 0.039 (0.2%) 0.003 (<0.1%) 0.009 3.904 
Rhytidiadelphus loreus + 0.004 (<0.1%) 0.093 (0.9%) 0.020 4.321 
Scapania gracilis + 0.024 0.039 0.011 1.426 
Stereocaulon vesuvianum – 0.059 (0.4%) 0.015 (<0.1%) 0.013 3.354 
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A total of 142 named cryptogam taxa were recorded from the 300 quadrats on boulder tops in 
the study area (Appendix B). The abundance of those cryptogams present in > 20 quadrats 
were fitted with an lmer (Table 4.1). Cryptogams that were significantly lower in cover on 
the top of large boulders were those that grow directly on siliceous rock – such as Fuscidea 
cyathoides and Pertusaria corallina. Pleurocarpous mosses such as Hylocomium splendens 
and Rhytidiadelphus loreus that thrive below a dwarf-shrub canopy were significantly more 
abundant in quadrats on the top of large boulders. Differences between quadrats accounted 
for most of the unexplained variance (mean 64%) in the data after that explained by the fixed 
effect had been removed. Organisms such as bryophytes and lichens are very sensitive to 
small-scale differences in their microhabitat. 
Mean cryptogam and mean lichen species richness were significantly lower in quadrats on 
boulder tops that were inaccessible to red deer but there was a significantly higher number of 
bryophyte species in the same situation (Table 4.2). Most of the unexplained variance (mean 
47.8%) in these models was attributed to differences between boulders or at the level of pairs 
of boulders (mean 40.3%). Other factors beyond the fixed effect of red deer presence/absence 
are influencing species richness in this instance such as time the boulder has been in its 
current position. 
Table 4.2. Mean values of species richness (SR) following lmer analysis with a Poisson error 
structure fitted to the data from 300 0.04 m
2 
quadrats shared between boulders that differ in 
their accessibility to red deer. The Standard Error (SE) is for the difference between means. 
Significant P values are in bold type. 
 
 Log species richness 
Response variable Effect of no Deer No deer SE P value 
 deer access access access 
 
Cryptogam SR –  1.969 1.687 0.081 < 0.001 
Bryophyte SR + 0.759 1.029 0.080 < 0.001 
Lichen SR – 1.416 0.505 0.146 < 0.001 
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Explanatory terms associated with island biogeography theory were among the factors 
remaining in the MAMs for total bryophyte and lichen species richness of boulder tops 
(Tables 4.3 and 4.4). Very little variation in the data was explained by the MAMs for 
bryophyte species richness (r
2 
= 0.297) and lichen species richness (r
2
=0.129). This is 
apparent in the scatter plots (Appendices C and D). There was little heteroscedasticity in the 
residuals of these MAMs but curvature occurred in the normal errors. Influential factors such 
as bryophyte cover, shrub height, shrub cover, litter cover and so forth were not included in 
the foregoing maximum models as these data were specific to the quadrats and could not be 
applied to the whole boulder top. A full list of bryophytes and lichens recorded from boulder 
tops in this investigation is given in Appendix E. 
Table 4.3. The MAM for bryophyte species richness of 100 boulder tops after model 
simplification in ANCOVA. Significant P values in bold type. 
 
Explanatory variable Effect Estimate Standard error P value 
 
Intercept 2.287 
Treatment (absence of red deer) + 0.200 0.086 0.023 
Boulder top area + 0.019 0.005 < 0.001 
Altitude – 0.001 < 0.001 0.006 
Boulder density in 5 m radius + 0.997 0.405 0.016 
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Table 4.4. The MAM for lichen species richness of 100 boulder tops after model 
simplification in ANCOVA. Significant P values in bold type. 
 
Explanatory variable Effect Estimate Standard error P value 
 
Intercept 2.697 
Treatment (absence of red deer) – 0.510 0.167 0.003 
Altitude + 0.001 < 0.001 0.046 
Boulder height + 0.163 0.066 0.016 
Boulder density in 5 m radius – 3.624 1.352 0.009 
Quadratic function for boulder density + 8.845 3.750 0.021 
Interactions 
Treatment/Boulder density – 1.734 0.805 0.034 
 
 
Over two thirds of the quadrats were on the horizontal or of shallow micro-gradient and most 
quadrats were facing directly upwards. Nearly two-thirds of the quadrats were assigned the 
intermediate roughness of rock category and no discernible differences were seen in the data 
for the other roughness scores. Therefore, these variables were not included in the maximal 
models of averaged quadrat data. Tree diagrams showed that other explanatory variables such 
as ericoid height, shrub and litter cover were far more important terms to include at the initial 
parameterisation. 
The MAM for mean bryophyte cover within quadrats on each boulder accounted for 68.4% 
of the variation in the data (Table 4.5 and Appendix F). Increased litter cover on rock 
accessible to red deer appeared to benefit bryophyte cover but higher litter levels on the 
larger boulder tops generally resulted in an optimum. There was a reasonable goodness of fit 
for this model. 
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Table 4.5. The MAM for total bryophyte cover after simplification in ANCOVA using mean 
data from 3 x 0.04 m
2 
quadrats on each of 100 boulder tops. Significant P values in bold type.  
 
Explanatory variable Effect Estimate Standard error P value 
 
Intercept 0.552 
Treatment (absence of red deer) + 0.370 0.088 < 0.001 
Shrub height + 2.835 0.511 < 0.001 
Boulder density in 5 m radius – 1.075 0.300 < 0.001 
Shrub cover + 0.461 0.243 0.061 
Litter cover + 0.536 0.343 0.121 
Quadratic function for shrub cover – 0.355 0.135 0.010 
Interactions 
Treatment/Litter cover – 1.100 0.364 0.003 
 
 
Table 4.6 and Figure 4.4 describe the MAM for mean lichen cover within quadrats on each 
boulder which accounts for 82.5% of the variation in the data. The local abundance of 
terricolous lichens Cladonia portentosa and C. uncialis ssp. biuncialis in quadrats below a 
heather canopy explains the anomalous high mean lichen cover at higher values of mean 
shrub cover. Three significant interaction terms remained in this MAM. Increasing area of 
boulder tops that naturally excluded red deer saw a decrease in lichen cover where no pattern 
was apparent for those rocks accessible to the herbivore in question. Increasing shrub cover 
on rocks at higher altitudes (> 250 < 450 m) was causing a decrease in lichen cover but at 
lower altitudes there was no such pattern. There was also an interaction between altitude and 
litter cover. This seems to have been influenced by higher than expected lichen cover at 
moderate litter levels – again caused by the local abundance of the Cladonia lichens and 
altitude was coincidental. There was evidence of heteroscedasticity in the residuals versus 
fitted plot of this MAM but the normal errors showed good linearity. 
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Table 4.6. The MAM for total lichen cover after simplification in ANCOVA using mean data 
from 3 x 0.04 m
2 
quadrats on each of 100 boulder tops. Significant P values in bold type.  
 
Explanatory variable Effect Estimate Standard error P value 
 
Intercept 0.386 
Treatment (absence of red deer) + 0.055 0.053 0.307 
Bryophyte cover – 0.515 0.005 < 0.001 
Shrub cover – 0.489 0.201 0.017 
Litter cover – 1.913 0.458 < 0.001 
Boulder top area – 0.014 0.006 0.016 
Altitude + 0.005 0.002 0.020 
Quadratic function for altitude – < 0.001 < 0.001 0.010 
Interactions 
Treatment/Boulder top area + 0.014 0.006 0.024 
Shrub cover/Altitude – 0.002 0.001 0.003 
Litter cover/Altitude + 0.005 0.002 0.001 
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Figure 4.4 Relationship between total lichen cover within quadrats on each boulder top and 
important explanatory variables. There was a significant negative relationship with arcsine 
bryophyte cover (top left), shrub cover (top right) and litter cover (bottom left). Triangles 
indicate data points from boulder tops that were accessible to red deer and dots for those that 
were not 
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Litter cover, shrub height and shrub cover were important explanatory terms in the MAM for 
mean bryophyte diversity (Table 4.7 and Appendix G) which accounted for 31.2% of the 
variation in the data. There was also a significant negative interaction term for litter cover and 
rock height. Examination of the co-plot showed that on deer-accessible rocks, there was 
generally an increase in bryophyte diversity with increasing litter cover. No pattern was 
apparent on the boulders that naturally excluded red deer. There was a reasonable goodness 
of fit with no evidence of heteroscedasticity. A couple of points associated with higher than 
expected diversity on boulders where liverworts associated with the mixed hepatic mat 
occurred caused slight curvature in the normal errors plot.  
 
Table 4.7. The MAM for mean bryophyte diversity from 3 x 0.04 m
2 
quadrats on each of 100 
boulder tops after simplification in ANCOVA. Significant P values in bold type.  
 
Explanatory variable Effect Estimate Standard error P value 
 
Intercept 0.305 
Shrub height – 7.488 1.743 < 0.001 
Litter cover + 1.207 0.465 0.011 
Shrub cover + 0.781 0.174 < 0.001 
Boulder height – 0.128 0.066 0.056 
Quadratic function for shrub height + 15.984 3.324 < 0.001 
Interactions 
Litter cover/Boulder height – 0.691 0.225 0.003 
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Litter cover and shrub height were also among the significant explanatory terms remaining in 
the MAM for mean lichen diversity (Table 4.8 and Appendix H). Lichen diversity decreased 
with increasing shrub height in quadrats with a greater quantity of litter but there was no 
apparent affect when litter levels were lower. The combined influence of increased shade 
from a higher canopy and being buried beneath large amounts of leaf litter exacerbated the 
reduction in lichen diversity and might account for the significant interaction term. This 
model accounted for 70.4% of the variation in the data. The normal errors were reasonably 
linear but heteroscedasticity was apparent in the residuals plot. 
 
Table 4.8. The MAM for mean lichen diversity from 3 x 0.04 m
2 
quadrats on each of 100 
boulder tops after simplification in ANCOVA. Significant P values in bold type.  
 
Explanatory variable Effect Estimate Standard error P value 
 
Intercept 1.715 
Litter cover – 1.471 0.280 < 0.001 
Bryophyte cover – 0.336 0.099 < 0.001 
Shrub height – 2.636 0.624 < 0.001 
Altitude – 0.001 < 0.001 0.032 
Interactions 
Litter cover/Shrub height + 3.911 1.023 < 0.001 
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Despite the likely correlation between the main explanatory terms of shrub height/cover, litter 
cover and bryophyte cover in the MAMs for lichen cover and diversity they remain in the 
models because of their individual influences. Increasing shrub cover does not necessarily 
correspond to increasing shrub height. The former can lead to competition for space whereas 
shrub height causes a reduction in incident light and changed moisture regime. Bryophyte 
cover responds positively to shrub height and cover (to an optimum) but bryophytes may also 
be abundant in the absence of a shrub cover. This information would be lost if only shrub 
cover was used in the model to explain lichen diversity for example.  
Transformation of the explanatory variables (where possible) did not result in any 
improvement in the MAM when there was a poor goodness of fit. However, the high 
significance of the explanatory variables in the MAMs outweighed concerns and the 
interpretations made scientific sense. 
 
4.6 Discussion 
The data presented here support the hypothesis that plant succession has proceeded 
unchecked by herbivory on the tops of large boulders in the Letterewe study area. 
Modification of the microclimate of rock habitat through plant succession has affected local 
saxicolous lichen populations as expected (Arnesto and Contreras 1981). The increased 
shelter and humidity below a canopy of dwarf-shrubs and the build-up of leaf-litter and 
humus, resulting in enhanced moisture retention, has enabled bryophytes to grow lush on the 
un-grazed boulder-tops. Bryophyte species diversity has also increased with favourable 
conditions allowing more species to coexist in greater abundance. The saxicolous cryptogam 
species of this lithosere have been replaced by bulky pleurocarpous mosses and ericoid 
shrubs on those boulder tops inaccessible to red deer. This might be symptomatic of 
lithoseres on boulder tops elsewhere where succession is not arrested and could be a cause for 
concern if rare lichens are being ousted by common bryophytes and ericoid shrubs. 
Our results indicate that red deer are not preventing bryophyte species richness from 
continuing to increase with boulder top surface area at Letterewe. This contrasts with the 
impacts of white-tailed deer on plant species richness on boulder tops in the Allegheny 
National Forest, Pennsylvania (Comisky et al. 2005). However, bryophyte species richness 
was significantly higher on those boulders that were inaccessible to red deer for the reasons 
discussed above. Boulder top surface area did not remain in the MAM for lichen species 
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richness but lichen cover within quadrats became significantly reduced with increasing 
boulder area. Much of the available area on the bigger boulder tops has become unsuitable for 
saxicolous lichen species, increasing the probability that a randomly placed quadrat would 
land on heath vegetation with a ground layer dominated by bryophytes. 
There is an argument that boulder area itself is facilitating succession rather than an absence 
of red deer. The greater topmost surface areas associated with the biggest boulders would 
have more microhabitats available compared to smaller rocks. This in turn would provide 
more opportunities for dwarf shrub species to establish and enable succession to proceed 
more quickly. Accessibility to red deer might only be coincidental with this effect. In order to 
tackle this question, the data-frame was restricted to those rocks with a boulder top surface 
area < 15.7 m
2
 to include all deer accessible rocks and a reduced number of boulders that 
naturally exclude red deer with comparable boulder top surface area. In the event, only nine 
boulders were removed from the dataset. Examination of scatter graphs and box plots 
generated with this limited dataset showed that variables such as mean shrub cover, mean 
shrub height and mean litter cover remained consistently higher on the boulders that were not 
accessible to red deer. There was no apparent difference between the scatter plots presented 
here and those produced with the restricted data set. Consequently, it is proposed that the 
boulders that were inaccessible to red deer are serving as refugia for the development of H12 
and H21b heath vegetation to the advantage of the associated bryophytes. Those boulders 
accessible to red deer are subject to browsing which in turn continues to arrest succession. 
This is advantageous for saxicolous bryophyte and lichen species which persist in an early 
plagioclimax community. 
Island biogeographic effects are influential in terms of the connectivity of the boulders. 
Bryophyte species richness of the whole boulder top did increase with enhanced connectivity 
which is consistent with previous studies (Virtanen and Oksanen 2006). The initial decrease 
in lichen species richness of the entire boulder top with increasing connectivity could be 
attributed to the influence of the matrix around the habitat islands. Lichens associated with 
the wet heath are able to colonise those isolated boulder tops that have suitable microhabitats. 
The importance of the matrix vegetation may also explain the negative relationship between 
bryophyte cover within quadrats and connectivity. The bryophyte community on boulder tops 
was strongly influenced by pleurocarpous species colonising from the surrounding matrix 
vegetation. The wet heath habitat around more isolated boulders would also have conferred 
greater humidity to the advantage of bryophyte growth. Boulder tops sampled within a 
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boulder field are further away from the matrix. Hence, the slightly drier conditions and 
proximity to propagule sources are advantageous for saxicolous lichens and less competitive 
bryophytes such as Gymnomitrion spp., Hedwigia stellata and Andreaea spp. to colonise, 
without being overgrown by the larger pleurocarpous mosses. Therefore, bryophyte cover 
was reduced within quadrats in these situations but overall bryophyte species richness 
increased. 
Unlike studies involving cryptogam communities on glacial erratics (Kimmerer and Driscoll 
2000; Virtanen and Oksanen 2006) there will inevitably be differences in the period of time a 
boulder has been in a certain position below the north-facing crags at Letterewe. However, it 
was assumed that many of the 50 boulders accessible to red deer will have been in place long 
enough for succession to have occurred to a similar extent as that for the larger boulders. Not 
knowing how the boulders came to rest in their current positions is another confounding 
factor. Their place of origin is known but whether the rock slid down the slope with ledge 
vegetation intact or whether the boulder rolled and vegetation has developed since that event 
is open to question. The latter was assumed since most of the boulders are a substantial 
distance from the crags (> 50 m). Altitude was a measurable factor that would lead to 
microclimatic differences experienced by boulder top communities. Succession occurs more 
slowly under harsher conditions at higher altitudes (which are better tolerated by lichen 
communities) and a climax of woodland is unlikely on boulders above the present-day tree 
line. These factors might go some way to accounting for the unexplained variation between 
boulders and pairs of boulders in the linear mixed effects models. 
After consideration of potential confounding small-scale biogeographic factors, this 
observational study presents evidence to suggest that boulder-tops inaccessible to red deer in 
the Letterewe study area serve as refugia, primarily for a H12 Calluna vulgaris–Vaccinium 
myrtillus heath community (Rodwell 1991) in slow transition to woodland. This has had 
cascading effects on cryptogams. Bryophyte cover, species richness and diversity have 
increased below a canopy of dwarf shrubs, on top of those boulders which naturally exclude 
red deer, to the detriment of saxicolous lichen communities. Estimated densities of 8–14.5 red 
deer km
-2
 in the landscape have arrested succession on similar boulders that are accessible to 
these herbivores. Therefore, saxicolous lichen species on deer–accessible boulders remain 
unaffected by the next seral stage in succession. Neither was there any evidence to suggest a 
negative effect of red deer on the lichens growing on deer-accessible siliceous boulders (such 
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as presence of species assemblages associated with nutrient enrichment from dung and urine). 
The findings of this study are relevant to situations where red deer might be excluded (for the 
purposes of woodland regeneration) from areas that contain boulder fields that hold lichen 
communities of high conservation value. The biodiversity interest of saxicolous lichens needs 
to be weighed against the need for regenerating woodland. Ideally, the planned exclosure 
should be re-located so that the lichen-rich boulder field remains outside of the deer fence. 
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5.1 Abstract 
Background: Deer exclosure is an important management strategy for encouraging 
woodland regeneration in the presence of high numbers of Cervus elaphus. This could 
pose a threat to important saxicolous lichen communities as a result of competition 
from bryophytes and other vegetation. 
Aims: This investigation set out to compare the bryophyte and lichen communities 
associated with siliceous rock outcrops and boulders inside and outside a number of 
exclosures in wet heath vegetation at the Gruinard, Letterewe and Little Gruinard 
estates in Wester Ross. 
Methods: Species cover data were recorded from 660 0.2 m x 0.2 m quadrats, 
allocated to three different aspects of rocks, from 22 pairs of plots (placed either side 
of a deer fence) with randomisation at each level of this hierarchy. The data were 
analysed using linear mixed effects models. 
Results: Mean lichen cover, diversity and species richness were significantly lower in 
quadrats on rocks within the exclosures. Mean bryophyte cover was significantly 
higher in quadrats on rocks inside the deer fence and was shown to have a highly 
significant negative relationship with total lichen cover. 
Conclusions: Saxicolous lichen species are particularly affected by the increase in 
shading and litter accumulation from the surrounding plants and the subsequent 
growth of bryophytes and heath vegetation on rocks within the exclosures. The results 
of this study have implications for the use of exclosures at locations where there are 
important saxicolous lichen communities. 
 
 
 
 
 
 
 
 
 
 
5.2 Key-words: bryophytes, Cervus elaphus, grazing, lichens, siliceous rock, species 
diversity, species richness, succession 
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5.3 Introduction 
Red deer (Cervus elaphus) are seen as the “principal grazing animal in the Scottish 
Highlands” (Fryday 2001) and numbers have more than doubled since the 1960s according to 
figures cited in Clutton-Brock et al. (2004). Exclosure is considered necessary for woodland 
regeneration in areas where there is a high deer density (Warren 2009). This investigation 
examined how an absence of red deer from exclosed areas of wet heath vegetation, at three 
estates in Wester Ross, affects bryophyte and lichen communities associated with siliceous 
rock outcrops and boulders, at altitudes below the tree-line. The results of this study will be 
relevant to other sites in the Highlands. This is important considering that non-maritime 
rocks, at altitudes below 400 m, are the habitat for 12% of the lichens on the Red List 
(Church et al. 1996). More species of lichen occur on siliceous rock compared to any other 
substrate in the British Isles (Gilbert 2000; Porley & Hodgetts 2005). 
Vascular plants and bryophytes threaten to engulf and shade-out lichen communities on small 
rock outcrops and boulders if grazing is reduced (Fletcher 2001; Orange 2009). Fryday 
(1996) described how tall-herb communities out-competed lichen vegetation at low to 
moderate altitudes in Snowdonia causing an impoverishment of lichen diversity. Further 
anecdotal evidence in support of this threat was reported from Inchnadamph where calcifuge 
vegetation had grown over limestone boulders and outcrops inside exclosures (Fryday 2001). 
Coppins (2003) reported rocks that had been overgrown by ivy within an exclosure at Rassal 
Ashwood National Nature Reserve and Orange (2009) noted similar effects where grazing 
animals had been excluded from woodlands in North Wales. A taller canopy is also thought 
to inhibit those lichens that must dry rapidly after episodes of wetting (Fletcher 2001). Burial 
of saxicolous lichen communities beneath leaf-litter from scrub development, in the absence 
of grazing, is also discussed in Fletcher (2001) along with other potential threats. 
Saxicolous cryptogam communities are considered less-affected by grazing animals 
compared to terricolous bryophytes and lichens (Orange 2009). However, intensive animal 
husbandry poses a threat to saxicolous lichens from the raised nutrient levels associated with 
herbivore dung and urine – particularly from the large quantities produced by cattle and 
horses (Fletcher 2001). Only those lichens which can tolerate or are favoured by the 
enhanced nutrient status of the rock are able to persist. There is also anecdotal evidence for 
direct predation of lichens from rocks by large herbivores (Gilbert 2000; Fryday 2001). 
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The impact of red deer exclusion on saxicolous cryptogam communities below the tree-line 
has not previously been quantified. The existence of exclosures of a range of ages at the 
Gruinard, Letterewe and Little Gruinard estates provided an opportunity to tackle this very 
question. Fryday (2001) found fewer crustose lichens on small rocks and pebbles within 
higher altitude exclosures across Great Britain compared to adjacent habitat that was grazed. 
However, the impact of sheep grazing was not separated from red deer activity in this study 
and the experimental design gave no information about the variation in the data due to 
locational effects for example. 
The removal of vegetation is one of the main impacts of a high density of grazing animals 
(Thompson et al. 1987). This reduces the light competition imposed by vascular plants and 
prevents the accumulation of leaf-litter that might otherwise smother smaller photosynthetic 
organisms (Rydin 2009). Disturbance to the habitat caused by large herbivores also results in 
small-scale gaps that are suitable for cryptogam colonisation (Rydin 2009) and keeps the 
habitat open. In the absence of red deer, humidity is likely to increase below a developing 
scrub canopy which will favour the growth of large bryophytes. Therefore, it was 
hypothesised that lichen diversity and cover would be reduced on low-lying rocks inside the 
deer exclosures at Letterewe and neighbouring estates. Orange (2009) postulated a similar 
hypothesis concerning the absence of grazing in general. 
 
5.4 Method 
Site description 
 
 Gruinard, Letterewe and Little Gruinard are privately owned estates in northwest Scotland. 
They are managed for deer stalking and fishing interests but they also have a commitment to 
encourage woodland regeneration. It was advantageous to study the impacts of red deer 
management on saxicolous lichen communities at these estates since there has been no sheep 
grazing (during the existence of the exclosures) that might otherwise confound the results. 
According to the keepers at the Letterewe and Gruinard estates, average red deer density was 
currently estimated at 9 km
-2
. Previously, Milner et al. (2002) estimated an average of 14.5 
red deer km
-2
 in the study area. 
 
There is no difference in the mean annual temperature range at each site (Table 5.1) owing to 
the relatively short geographic distances between the exclosures (Figure 5.1). However, Little 
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Gruinard differs from the other sites by having fewer wet-days (those in receipt of > 1 mm of 
rain per year). This will influence net photosynthesis and growth in lichens which is 
depressed when they are supra-saturated (Lange et al. 2001). There is variation in the 
nitrogen loading at each exclosure (Table 5.1) but all are below the critical threshold of 10 kg 
N ha
-1
 yr
-1
 for northern wet heath (Bobbink et al. 2011). Mitchell et al. (2005) also reported a 
low loading of nitrogen pollution for the Loch Maree area. Nonetheless, nitrogen loading has 
generally increased in the northern hemisphere since the mid-19
th
 century as a result of fossil 
fuel driven industry, intensive agriculture and biomass burning (Karlsson et al. 2013). 
Caution is advised regarding the nitrogen deposition data since it has a low resolution (5 km) 
and comes with large uncertainties (Air Pollution Information System 2013). Other site 
details are given in Table 5.1. 
 
The exclosures at all three estates were placed within vegetation primarily of the M15 
Trichophorum germanicum-Erica tetralix wet heath community (according to the National 
Vegetation Classification, Rodwell 1991). There was very little tree regeneration in this 
vegetation despite the exclosures with the exception of the Mast and Strahnasheallag 
exclosures. Proximity to extant woodland varied between locations and this will have 
contributed to the speed of regeneration. 
 
All of the rocks studied were of a hard, siliceous nature and resistant to weathering but there 
were differences in their origin and composition (Table 5.1). The Pamelietum omphalodis 
association of the Umbilicarion cylindricae alliance (James et al. 1977) best describes the 
main lichen community of the upper surfaces of siliceous rocks within the study area. There 
is an abundance of Parmelia omphalodes on many boulders along with other lichens 
characteristic of this association such as Ochrolechia androgyna, O. tartarea, Ophioparma 
ventosum, Parmelia saxatilis, Pertusaria corallina and Sphaerophorous globosus for 
example. Bryophytes are also prominent with Hypnum andoi and species of Racomitrium the 
most frequent. Orange (2009) refers to this association as the SS F2 Parmelia saxatilis–
Parmelia omphalodes community. 
On well-drained but more rain-exposed surfaces of rocks in the study area, the 
Umbilicarietum cylindricae association (James et al. 1977) was common. Within this 
association, the SS A1 Rhizocarpon geographicum–Fuscidea lygaea, SS B3 Fuscidea 
lygaea–Porpidia tuberculosa and SS F1 Rhizocarpon geographicum–Umbilicaria cylindrica 
communities (Orange 2009) were recognised. On vertical surfaces of rocks, with a slightly 
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higher base status, the SS C1 Pertusaria corallina–Pertusaria pseudocorallina community 
(Orange 2009) was encountered. This community is synonymous with the Pertusarietum 
corallinae (James et al. 1977). There were also occasional stands of the species-poor SS D4 
Lecidea lithophila community (Orange 2009) on recently exposed siliceous rock. In more 
sheltered or wetter situations, rocks were covered with Racomitrium lanuginosum. Wet heath 
vegetation was also colonising from the slope on several rocks in the study area. 
Table 5.1. Site details for each exclosure within the study area. Information concerning the 
geology at each exclosure was derived from a map produced by the British Geological 
Survey (1962). Thirty-year average climatic data came from the Meteorological Office 
(2013) and three-year average nitrogen deposition data were sourced from the Air Pollution 
Information System (2013). 
 
 Mean annual Number of Nitrogen 
Exclosure Age Size Altitude Geology temperature range wet-days yr
-1
  deposition 
 (years) (km
2
) (m) (
0
C)   (kg ha
-1
 yr
-1
) 
 
Carnmore 10 ≤ 0.2 120 Lewisian 3-14.5 220-240 5.46 
 gneiss 
Furnace   3 ≤ 0.2   50 Lewisian 3-14.5 220-240 6.30 
 gneiss 
Little Gruinard 12   4 100 Lewisian 3-14.5 200-220 4.20 
 gneiss 
Lochan Beannach Mòr 14   2 180 Lewisian 3-14.5 220-240 5.18 
 gneiss 
Mast   2 ≤ 0.2   70 Hornblende 3-14.5 220-240 5.74 
 schist 
Strathnasheallag 18 0.25 120 Torridonian 3-14.5 220-240 7.00 
 sandstone 
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Figure 5.1. Map showing location of the exclosures (drawn to approximate scale) in the study 
area, Wester Ross, Scotland. Map produced in MapMate using Digital Map Data © 
Bartholomew 2010 and adapted from Moore and Crawley (In press) with permission from 
Taylor & Francis. 
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Procedure 
 
Fieldwork was carried out in 2011 and 2012. All suitable exclosures with comparable rocky 
slopes and a southwest-facing aspect (to maximise the number of exclosures available to 
study) were selected. Potential blocks were identified following a site visit and then selected 
at random. A block consisted of two plots (one either side of the deer fence) and each 
contained five suitable rocks selected at random. A 0.2 m x 0.2 m quadrat was placed 
centrally on the southwest, topmost and northeast facet of each rock, since we were interested 
in seeing whether lichen communities associated with these facets responded differently to 
the absence of red deer. Time constraints limited us to the three facets with greatest contrast. 
Data were collected from 22 blocks in total, corresponding to 220 rocks and 660 quadrats, 
which was just in excess of the recommended sample number based on a power analysis for 
an effect size of 50% (using data from a pilot study).  
 
Rocks were deemed suitable if they were between 0.2 and 1.1 m in height (easily accessible 
to red deer) and over 0.2 m in width and breadth. Lichen communities on rocks are 
influenced by abiotic factors associated with the substrate such as texture, hardness, aspect 
and especially the chemical composition (Gilbert 2000). Therefore, the rocks had to be of the 
same geology either side of the exclosure at each block, on a slope of similar altitude, aspect 
(southwest-facing), gradient, and situated in wet heath vegetation prior to the erection of the 
exclosure. By attempting to control for these possible confounding factors it was hoped that 
the presence/absence of red deer became the main effect operating on the saxicolous 
cryptogam communities at each block. Other obvious abiotic factors which could not be 
controlled, such as micro-gradient, were measured in some way (see below).  
 
An acetate overlay with 100 circles of 20 mm diameter, as described for estimating epiphytes 
at Loch Sunart (Bates 1992), was used to estimate the percentage cover of each bryophyte 
and lichen species within quadrats. Many taxa were identified in the field but small 
subsamples were collected where a microscope was necessary for their determination and a 
few of these required a referee. It was impossible to identify certain crustose lichens that were 
sterile, mollusc-grazed or otherwise in bad condition. These were recorded as unknowns on 
the data sheet and distinguished if there were more than one in a quadrat. Non-cryptogam 
vegetation was also recorded from each quadrat providing it grew from the facet (if 
overgrowing the facet then the foliage was lifted up to facilitate recording of the rock 
surface). 
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Micro-gradient for each facet was scored on a scale of 1 (horizontal) to 5 (vertical) with 3 
representing a 45
o
 angle. Roughness of the rock was scored on a scale of 1 (smooth) to 3 
(very rough) and 2 (intermediate). Litter cover in each quadrat was also scored on a scale of 1 
(0%), 2 (≤ 25%) and 3 (> 25%) devised by Weibull and Rydin (2005). Approximate size of 
each rock was calculated from the combined area of all visible facets. Mean height of the 
rock above soil surface was determined using a tape measure. At a randomly selected 
distance (≤ 1 m) from each rock, vegetation height was measured at 0.1 m intervals using a 
metre rule, along a 1 m length of tape laid perpendicular to a compass bearing chosen at 
random. Thus, mean vegetation height was obtained quickly from 10 measurements in the 
close vicinity of each rock. 
Nomenclature follows Macdonald and Barrett (1993) for mammals, Hill et al. (2008) for 
bryophytes, Smith et al. (2009) for lichens and Stace (2010) for vascular plants. 
Analysis 
 
The percentage cover data from the 0.04 m
2
 quadrats were arcsine transformed before 
analysis. Bryophyte and lichen diversity within each quadrat was determined using the 
Shannon index as a measure for evenness of species cover. Dominance is a measure that 
focuses on identity and was calculated by dividing the cover of the most abundant species 
within a quadrat by the total cover of all species within the same taxonomic group (i.e. 
bryophyte or lichen) in that quadrat. These data were analysed using a linear mixed effects 
model (lmer) that was fitted in R version 2.11.1 (R Development Core Team 2010) to test the 
null hypothesis that an absence of red deer has had no impact on bryophyte and lichen species 
cover, diversity and dominance within quadrats on a specific facet of rocks, inside the 
exclosures within the study area. The fixed effect in this model was the presence or absence 
of red deer either side of the exclosure and the random effects represented the hierarchical 
sample design (quadrats on a particular facet of rock within plots of 5 rocks within blocks of 
10 rocks within exclosure locations). In this way, differences caused by the fixed effect in 
each model should not be influenced by a disparity in the nitrogen-loading at each location 
for example. If locational differences were important then this would be manifest in the 
random effects. Variance components analysis (VCA) of the random effects revealed where 
most of the unexplained variation in the data was generated (after the fixed effect had been 
removed) and is expressed as a percentage (Crawley 2013). Mean vegetation height by each 
rock and non-cryptogam vegetation cover within quadrats were analysed in a similar way. A 
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generalised lmer (with a Poisson error structure specified to take account of the non-constant 
variance associated with count data) was used to analyse bryophyte and lichen species 
richness within quadrats. 
 
Model simplification in ANCOVA was conducted for total lichen cover and lichen diversity 
to establish which of the measured explanatory variables were most important. The 
explanatory variables considered for inclusion in the maximum models included the 
categorical variables: treatment, aspect, micro-gradient, litter cover and roughness and the 
continuous variables: mean vegetation height, non-cryptogam vegetation cover, total 
bryophyte cover, age of exclosure, rock height and approximate rock area. Tree models were 
generated to gain an initial idea of the importance of the main effects and scatter graphs and 
box-plots assisted with the initial parameterisation of the maximum models. The maximum 
model was constructed according to the guidelines in Crawley (2013) to avoid the problems 
associated with over-parameterisation. Successive models were compared using ANOVA to 
justify removal or retention of variables. In order to account for the random effects and the 
pseudoreplication inherent with the sampling design, each minimum adequate model (MAM) 
was fitted to an lmer. The goodness of fit for each MAM was assessed by plotting the 
residuals against the fitted values (to check for heteroscedasticity) and looking for normality 
in the normal error plots. This was important for determining how well our data were 
described by each model. 
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5.5 Results 
Vegetation height 
The mean height of vegetation inside the exclosures was significantly higher (t = 8.688) at 
0.53 m compared to 0.33 m in the grazed treatment (standard error of the difference between 
means was 0.02 m). The fixed effect in this model accounted for 32.5% of the variation in the 
data. Variance components analysis (VCA) of the remaining unexplained variation showed 
that most of this (32.7%) occurred at the level of the individual measurement. The greatest 
difference in vegetation height either side of the exclosures was at Strathnasheallag (Table 
5.2). 
Table 5.2. Mean vegetation height (± Standard Error) within and outside the exclosure at each 
location in the study area. 
 
 Mean height of vegetation (m) 
Exclosure location Within exclosure Outside exclosure 
 
Carnmore 0.56 ± 0.01 0.33 ± 0.01 
Furnace 0.42 ± 0.02 0.29 ± 0.02 
Little Gruinard 0.43 ± 0.01 0.32 ± 0.01 
Lochan Beannach Mòr 0.48 ± 0.01 0.29 ± 0.01 
Mast 0.54 ± 0.02 0.31 ± 0.02 
Strathnasheallag 0.73 ± 0.02 0.40 ± 0.01 
 
 
Non-cryptogam vegetation cover 
Calluna vulgaris and Molinia caerulea were the most common species comprising the non-
cryptogam vegetation cover in quadrats on the rocks (Appendix I). There was no significant 
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difference in mean non-cryptogam vegetation cover between the exclosed and grazed 
treatment for quadrats placed on the southwest aspect of rocks. For those quadrats placed on 
the top facet of rocks there was a significantly greater mean arcsine non-cryptogam 
vegetation cover (t = 4.002) within the exclosed treatment (0.354 radians or 12.0%) compared 
to the grazed treatment (0.180 radians or 3.2%). The standard error of the difference between 
means was 0.044 radians. Presence or absence of red deer accounted for 22.3% of the 
variance in this model. Mean arcsine non-cryptogam vegetation cover (radians) was also 
significantly greater (t = 2.708) in quadrats from the northeast aspect of rocks within the 
exclosures at 0.379 (13.7% cover) compared to those outside at 0.238 (5.5% cover). The 
standard error of the difference between means was 0.051 radians. Red deer presence or 
absence explained 37.8% of the variation in the data in this model. Two thirds of the 
remaining unexplained variance in the non-cryptogam vegetation cover data was at the level 
of the quadrat for the topmost facet and the other third was between locations. Variance 
components analysis on the non-cryptogam vegetation cover data for the northeast aspect of 
rocks showed that 44.5% of the variation occurred at the level of the quadrat and 55% was 
between locations. The northeast aspect of rocks was more prone to being overgrown and 
shaded by vegetation since it faced into the slope. Hence, the high variability at the level of 
location is likely a function of exclosure age rather than location. 
Cryptogam cover 
Of the 155 named cryptogam taxa from the 660 quadrats (Appendix I), thirteen species were 
shown to have significant differences in abundance between the two levels of treatment for at 
least one of the aspects of rock under question. Only Rhizocarpon geographicum was 
significantly affected by exclosure in quadrats on the southwest aspect of the rocks (t = 
2.082) with mean arcsine cover (radians) of 0.177 (3.1% cover) in the grazed treatment 
compared to 0.138 (1.8% cover) for that of the exclosed (standard error of the difference 
between means was ±0.019). Of the unexplained variance in this instance: 66.0% was at the 
level of the quadrat, 18.4% was between different locations and 15.6% was between different 
blocks. There was minimal unexplained variation between plots. 
Mean arcsine cover of Fuscidea cyathoides, Lecanora polytropa, Ochrolechia androgyna, 
Parmelia omphalodes, P. saxatilis, Racomitrium fasciculare, Rhizocarpon geographicum, R. 
reductum and Sphaerophorus globosus was significantly reduced in quadrats within the 
exclosed treatment on the topmost and/or northeast aspect of rocks (Tables 5.3 and 5.4). 
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Table 5.3. Mean arcsine cover values of selected bryophyte and lichen species between 
Exclosed and Grazed levels of red deer treatment following analysis of data from 220 0.04 m
2 
quadrats on the topmost facet only of rocks in a linear mixed effects model. Numbers in 
brackets correspond to the raw cover data. The Standard Error is for the difference between 
means. Significant t values are in bold type. 
 
 Mean arcsine cover (radians) 
Species Effect of exclosure Exclosed Grazed Standard Error t value 
 
Cladonia portentosa + 0.022 0.022 0.012 0.068 
Fuscidea cyathoides – 0.050 0.060 0.016 0.664 
Hylocomium splendens + 0.020 0.016 0.011 0.284 
Lecanora polytropa – 0.026 (< 0.1%) 0.068 (0.5%) 0.013 3.160 
Ochrolechia androgyna – 0.004 0.014 0.010 1.118 
Parmelia omphalodes – 0.375 (13.4%) 0.546 (27.0%) 0.072 2.381 
Parmelia saxatilis – 0.084 0.088 0.026 0.159 
Pertusaria corallina – 0.041 (0.2%) 0.082 (0.7%) 0.019 2.156 
Racomitrium fasciculare – 0.049 0.076 0.014 1.960 
Racomitrium lanuginosum + 0.635 (35.2%) 0.371 (13.2%) 0.073 3.616 
Rhizocarpon geographicum – 0.027 0.036 0.011 0.772 
Rhizocarpon reductum – 0.001 (< 0.1%) 0.012 (< 0.1%) 0.005 2.005 
Sphaerophorus globosus – 0.017 (< 0.1%) 0.056 (0.4%) 0.018 2.152 
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Figure 5.2. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of cryptogam species cover 
data from quadrats on the topmost facet of rocks. The fixed effect (deer presence/absence) in 
the model had already accounted for 44.1% (Lecanora polytropa), 41.2% (Parmelia 
omphalodes), 24.7% (Pertusaria corallina), 23.8% (Racomitrium lanuginosum), 67.3% 
(Rhizocarpon reductum) and 50.3% (Sphaerophorus globosus) of the variation. 
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Table 5.4. Mean arcsine cover values of selected bryophyte and lichen species between 
Exclosed and Grazed levels of red deer treatment following analysis of data from 220 0.04 m
2 
quadrats on the northeast aspect only of rocks in a linear mixed effects model. Numbers in 
brackets correspond to the raw cover data. The Standard Error is for the difference between 
means. Significant t values are in bold type. 
 
 Mean arcsine cover (radians) 
Species Effect of exclosure Exclosed Grazed Standard Error t value 
 
Cladonia portentosa + 0.064 (0.4%) 0.021 (< 0.1%) 0.016 2.699 
Fuscidea cyathoides – 0.057 (0.3%)  0.158 (2.4%) 0.030 3.304 
Hylocomium splendens + 0.066 (0.4%) 0.023 (< 0.1%) 0.018 2.341 
Lecanora polytropa – 0.013 0.030 0.009 1.863 
Ochrolechia androgyna – 0.024 (< 0.1%) 0.074 (0.5%) 0.020 2.542 
Parmelia omphalodes – 0.145 0.176 0.041 0.755 
Parmelia saxatilis – 0.009 (< 0.1%) 0.041 (0.2%) 0.015 2.076 
Pertusaria corallina – 0.062 (0.4%) 0.122 (1.4%) 0.024 2.473 
Racomitrium fasciculare – 0.006 (< 0.1%) 0.039 (0.2%) 0.014 2.353 
Racomitrium lanuginosum + 0.548 (27.0%) 0.314 (9.5%) 0.083 2.788 
Rhizocarpon geographicum – 0.041 (0.2%) 0.086 (0.7%) 0.018 2.565 
Rhizocarpon reductum – 0.007 0.015 0.007 1.104 
Sphaerophorus globosus – 0.017 0.041 0.014 1.672 
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Figure 5.3. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of cryptogam species cover 
data from quadrats on the northeast aspect of rocks. The fixed effect (deer presence/absence) 
in the model had already accounted for 49.6% (Cladonia portentosa), 50.1% (Fuscidea 
cyathoides), 58.8% (Hylocomium splendens), 62.6% (Ochrolechia androgyna), 70.7% 
(Parmelia saxatilis), 62.0% (Pertusaria corallina), 70.7% (Racomitrium fasciculare), 33.6% 
(Racomitrium lanuginosum) and 50.8% (Rhizocarpon geographicum) of the variation. 
 
Cladonia portentosa, together with the mosses Hylocomium splendens and Racomitrium 
lanuginosum, was significantly more abundant in quadrats within exclosures on at least one 
of these facets. The greatest amount of variability in these data occurred at the level of the 
individual quadrat although location was another important random effect (Figures 5.2 and 
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5.3). Porpidia tuberculosa and Stereocaulon vesuvianum were present in significantly greater 
cover on the southwest aspect (t = 4.918 and 2.489 respectively) compared to the other facets 
but neither species, together with the moss Hypnum andoi, showed a significant difference in 
cover between the exclosed and grazed treatment for any of the aspects. 
Total bryophyte cover was significantly higher in quadrats within exclosures for all three 
facets of the rocks in this study – but cover on the southwest aspect of rocks was only a third 
of that from the other aspects (Tables 5.5, 5.6 and 5.7). Total lichen cover was significantly 
greater on the topmost and northeast aspects of rock outside the exclosures (Tables 5.6 and 
5.7). 
Measures of bryophyte and lichen diversity 
The output from the lmer analysis for cryptogam diversity, dominance and species richness, 
and separately for the diversity, dominance and species richness of bryophytes and lichens, 
for each aspect, is shown in Tables 5.5, 5.6 and 5.7. Lichen diversity was significantly higher 
in the grazed treatment for all three aspects of the rocks that were sampled. Cryptogam 
diversity as a whole was significantly higher outside of exclosures for the topmost and 
northeast aspects of rocks. Cryptogam diversity was nullified by a significantly higher 
bryophyte diversity countering significantly reduced lichen diversity on the southwest aspect 
of rocks within the exclosed treatment. It was only on the northeast aspect of rocks that 
measures of mean bryophyte and cryptogam dominance were significantly greater within 
exclosures. This was manifest in the field by a greater cover of Racomitrium lanuginosum on 
rocks within the exclosures. 
Mean lichen species richness within quadrats was significantly higher in the grazed treatment 
on all three aspects of the rocks and this resulted in a similar pattern for mean cryptogam 
species richness as a whole. Presence or absence of red deer accounted for 40.8% (southwest 
facet), 47.3% (topmost facet) and 61.0% (northeast facet) of the variance for each lichen 
species richness model in turn. Differences between quadrats accounted for the greatest 
amount of the unexplained variance in the diversity and dominance data (Figures 5.4, 5.5 and 
5.6), and also for the species richness data from the northeast and top facets. This reflects the 
sensitivity of bryophytes and lichens to differences in their micro-habitat. However, 
differences between locations accounted for 59.4% (cryptogam species richness) and 44.0% 
(lichen species richness) of the unexplained variance for the southwest aspect of rocks. 
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Table 5.5. Differences in cryptogam arcsine cover, diversity and dominance values between 
Exclosed and Grazed levels of red deer treatment following analysis of data from 220 0.04 m
2 
quadrats on the southwest aspect only of rocks in a linear mixed effects model. Numbers in 
brackets correspond to the raw cover data. The Standard Error is for the difference between 
means. Significant t values are in bold type. 
 
 Mean values 
Response variable Effect of exclosure Exclosed Grazed Standard Error t value 
 
Cryptogam diversity – 1.167 1.171 0.064 1.616 
Cryptogam dominance – 0.571 0.598 0.028 0.986 
Arcsine bryophyte cover (radians) + 0.363 (12.6%) 0.194 (3.8%) 0.068 3.546 
Bryophyte diversity + 0.215 0.103 0.045 2.500 
Bryophyte dominance + 0.433 0.369 0.063 1.016 
Arcsine lichen cover (radians) – 0.912 1.052 0.072 1.943 
Lichen diversity – 1.021 1.188 0.066 2.515 
Lichen dominance + 0.558 0.539 0.031 0.625 
 P value 
Log cryptogam species richness – 1.80 1.92 0.05 0.029 
Log bryophyte species richness + -0.23 -0.72 0.23 0.036 
Log lichen species richness – 1.58 1.79 0.07 0.001 
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Figure 5.4. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected response 
variable data from quadrats on the southwest aspect of rocks. The fixed effect (deer 
presence/absence) in the model had already accounted for 33.1% (Total bryophyte cover), 
58.0% (Bryophyte diversity) and 37.2% (Lichen diversity) of the variation. 
 
 
 
 
 
 
 
 
 
To
tal
 br
yo
ph
yte
 co
ve
r
To
tal
 br
yo
ph
yte
 co
ve
r
Br
yo
ph
yte
 di
ve
rsi
ty
Br
yo
ph
yte
 di
ve
rsi
ty
Lic
he
n d
ive
rsi
ty
125 
 
Table 5.6. Differences in cryptogam arcsine cover, diversity and dominance values between 
Exclosed and Grazed levels of red deer treatment following analysis of data from 220 0.04 m
2 
quadrats on the topmost facet only of rocks in a linear mixed effects model. Numbers in 
brackets correspond to the raw cover data. The Standard Error is for the difference between 
means. Significant t values are in bold type. 
 
 Mean values 
Response variable Effect of exclosure Exclosed Grazed Standard Error t value 
 
Cryptogam diversity – 0.741 0.983 0.074 3.268 
Cryptogam dominance – 0.717 0.664 0.030 1.776 
Arcsine bryophyte cover (radians) + 0.919 (63.2%) 0.624 (34.1%) 0.082 3.607 
Bryophyte diversity + 0.343 0.337 0.056 0.100 
Bryophyte dominance + 0.688 0.661 0.046 0.568 
Arcsine lichen cover (radians) – 0.610 (32.8%) 0.928 (64.1%) 0.083 3.829 
Lichen diversity – 0.443 0.766 0.066 4.888 
Lichen dominance – 0.590 0.612 0.049 0.444 
 P value 
Log cryptogam species richness – 1.42 1.72 0.08 < 0.001 
Log bryophyte species richness + 0.58 0.49 0.11 0.403 
Log lichen species richness – 0.76 1.31 0.12 < 0.001 
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Figure 5.5. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected response 
variable data from quadrats on the topmost facet of rocks. The fixed effect (deer 
presence/absence) in the model had already accounted for 39.1% (Cryptogam diversity), 
30.3% (Total bryophyte cover), 31.6% (Total lichen cover) and 37.2% (Lichen diversity) of 
the variation. 
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Table 5.7. Differences in cryptogam arcsine cover, diversity and dominance values between 
Exclosed and Grazed levels of red deer treatment following analysis of data from 220 0.04 m
2 
quadrats on the northeast aspect only of rocks in a linear mixed effects model. Numbers in 
brackets correspond to the raw cover data. The Standard Error is for the difference between 
means. Significant t values are in bold type.  
 
 Mean values 
Response variable Effect of exclosure Exclosed Grazed Standard Error t value 
 
Cryptogam diversity – 0.876 1.225 0.087 3.992 
Cryptogam dominance + 0.669 0.559 0.035 3.132 
Arcsine bryophyte cover (radians) + 0.978 (69.0%) 0.627 (34.3%) 0.082 4.259 
Bryophyte diversity – 0.372 0.412 0.075 0.537 
Bryophyte dominance + 0.732 0.570 0.047 3.418 
Arcsine lichen cover (radians) – 0.447 (18.8%) 0.734 (44.9%) 0.071 4.028 
Lichen diversity – 0.510 0.950 0.092 4.787 
Lichen dominance – 0.572 0.590 0.042 0.426 
 P value 
Log cryptogam species richness – 1.49 1.88 0.07 < 0.001 
Log bryophyte species richness + 0.61 0.52 0.13 0.488 
Log lichen species richness – 0.74 1.45 0.11 < 0.001 
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Figure 5.6. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected response 
variable data from quadrats on the northeast aspect of rocks. The fixed effect (deer 
presence/absence) in the model had already accounted for 52.7% (Cryptogam diversity), 
53.2% (Cryptogam dominance), 38.6% (Total bryophyte cover), 53.6% (Bryophyte 
dominance), 47.9% (Total lichen cover) and 47.9% (Lichen diversity) of the variation. 
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Explanatory variables influencing total lichen cover 
The MAM for total lichen cover accounted for 70.5% of the variation in the data (Table 5.8). 
The model suggests there was a significant negative relationship with bryophyte cover (P < 
0.001) and non-cryptogam vegetation cover (P < 0.001) (Fig. 5.7) as well as mean vegetation 
height (P < 0.001). At litter levels exceeding 25% cover there was significantly lower lichen 
cover (P < 0.001). The lichen cover on the different aspects were influenced by significant 
interaction terms (P < 0.05) with bryophyte cover (negative) and mean vegetation height 
(positive). Mean vegetation height had little effect on lichen cover in quadrats on the 
southwest aspect of rocks but there was a negative relationship between these two variables 
in quadrats from the other facets of the rock. Positive interaction terms also existed for 
bryophyte cover and litter cover, bryophyte cover and mean vegetation height and vegetation 
cover and mean vegetation height. An increase in bryophyte cover had no effect on lichen 
cover at litter levels > 25% which contrasts with the negative relationship observed in 
quadrats with low quantities of leaf litter. Increasing bryophyte cover had a slightly reduced 
negative impact on lichen cover where mean vegetation height was higher. Lichen cover was 
little affected by increasing mean vegetation height in quadrats with a high vegetation cover. 
At low cover of non-cryptogam vegetation within quadrats, lichen cover was reduced by 
increasing mean vegetation height by each rock. The other variables were not significantly 
contributing to the amount of variance explained. Goodness of fit was poor for this model 
with a great deal of heteroscedasticity indicating a non-constant variance and curvature in the 
normal errors. Transformation of the variables, where possible, did not result in any 
improvement. However, the high significance of the main effects and the straight forward 
interpretation of the MAM minimises cause for concern. Variance components analysis 
showed that 93.7% of the unexplained variance in this model was between individual 
quadrats. 
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Table 5.8. The minimum adequate model for total lichen cover fitted to a linear mixed effects 
model using data from 660 0.04 m
2 
quadrats on rocks from 22 pairs of plots (blocks) and 6 
exclosures. Selected variables shown. Standard Error is for the difference between means. 
Significant t values are in bold type. 
 
Explanatory variable Effect Estimate Standard Error t value 
 
Intercept 1.324 
Bryophyte cover (radians) – 0.668 0.072 9.298 
Aspect (southwest facet) – 0.167 0.076 2.204 
Aspect (top facet) + 0.181 0.074 2.454 
Treatment (grazed) + 0.118 0.071 1.673 
Litter cover (> 25%) – 0.668 0.128 5.217 
Vegetation cover (radians) – 0.343 0.100 3.445 
Vegetation height near rock (m) – 0.816 0.160 5.091 
Age of exclosure (years) + 0.009 0.001 1.692 
Interactions 
Bryophyte cover/Aspect (south west facet) – 0.117 0.056 2.080 
Bryophyte cover/Aspect (top facet) – 0.271 0.048 5.669 
Bryophyte cover/Litter cover (> 25%) + 0.439 0.103 4.278 
Bryophyte cover/Vegetation height + 0.402 0.128 3.151 
Aspect (southwest facet)/Vegetation height + 0.603 0.166 3.627 
Aspect (top facet)/Vegetation height + 0.358 0.155 2.315 
Vegetation cover/Vegetation height + 0.439 0.189 2.324 
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Figure 5.7. Relationship between total lichen cover within quadrats and bryophyte cover (top) 
and total non-cryptogam vegetation cover (below). Triangles represent quadrats from inside 
the exclosure and dots for those outside. (See Table 5.8 for more details). 
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Explanatory variables influencing lichen diversity 
The MAM for lichen diversity accounted for 49.5% of the variation in the data (Table 5.9). 
The model suggests there was a significant negative relationship between lichen diversity and 
non-cryptogam vegetation cover within quadrats (P < 0.001) and also duration of exclosure 
(P < 0.001). The topmost facet of rocks was shown to have a significantly lower lichen 
diversity (P < 0.001) compared to the other aspects. The model also implies an unexpected 
positive relationship between lichen diversity and mean vegetation height (P < 0.01). 
Bryophyte cover was in a weak positive relationship with lichen diversity to begin with (due 
to its role in providing habitat for species such as Cladonia and Micarea lignaria but the 
significant negative quadratic function for this explanatory term (P < 0.001) suggested that 
saxicolous habitat within quadrats became scarce once bryophyte cover exceeded an 
optimum, resulting in reduced lichen diversity. Figure 5.8 illustrates these relationships. 
There was also a significantly lower lichen diversity at litter levels > 25% cover (P < 0.001). 
Significant interaction terms remained in the MAM for lichen diversity between bryophyte 
cover and the amount of litter in each quadrat (P < 0.001), bryophyte cover and aspect (P < 
0.001), aspect and duration of exclosure (P < 0.05), and between aspect and treatment (P < 
0.01). At litter cover < 25%, lichen diversity was reduced by increasing bryophyte cover but 
at higher amounts of litter within a quadrat there appeared to be an increase in lichen 
diversity with greater cover of bryophytes. An optimum bryophyte cover for lichen diversity 
was apparent in the data for the northeast and top facets of rocks but there was a negative 
relationship between these two variables on the southwest aspect. Lichen diversity generally 
decreased with age of exclosure but was higher than expected within quadrats from the oldest 
exclosure for the southwest and top facets of rocks. Mean diversity was also unexpectedly 
higher within quadrats from the northeast aspect of rocks inside the Little Gruinard exclosure 
(erected in 2000) compared to the general trend. This might be due to the relatively low mean 
height of vegetation around each rock compared to other exclosures. The grazing treatment 
had a positive effect on lichen diversity associated with the topmost facet. There was also a 
significant interaction between roughness of the rock and micro-gradient (P < 0.05) with 
lichen diversity higher on the steepest rock faces of intermediate roughness. There was good 
linearity in the normal errors but serious heteroscedasticity in the variance plot indicated a 
poor goodness of fit for this model. The high significance of the main effects again outweighs 
any cause for concern in this regard. Variance components analysis showed that 93.4% of the 
unexplained variance occurred at the level of the individual quadrats. 
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Table 5.9. The minimum adequate model for lichen diversity fitted to a linear mixed effects 
model using data from 660 0.04 m
2 
quadrats on rocks from 22 blocks and 6 exclosures. 
Selected variables shown. Significant t values are in bold type. 
 
Explanatory variable Effect Estimate Standard Error t value 
 
Intercept 1.176 
Bryophyte cover (radians) + 0.214 0.126 1.698 
Aspect (top facet) – 0.987 0.210 4.703 
Vegetation cover (radians) – 0.245 0.066 3.698 
Age of exclosure (years) – 0.035 0.011 3.055 
Treatment (grazed) + 0.179 0.156 1.146 
Litter cover (> 25%) – 0.851 0.211 4.027 
Vegetation height near rock (m) + 0.358 0.146 2.453 
Quadratic function for bryophyte cover – 0.411 0.076 5.402 
Interactions 
Bryophyte cover/Aspect (top facet) + 0.433 0.081 5.368 
Bryophyte cover/Litter cover (> 25%) + 0.517 0.174 2.967 
Aspect (southwest face)/Age of exclosure + 0.032 0.013 2.348 
Aspect (top facet)/Age of exclosure + 0.044 0.014 3.209 
Aspect (top facet)/Treatment (grazed) + 0.562 0.191 2.948 
Roughness (intermediate)/Micro-gradient 3 + 0.341 0.156 2.183 
Roughness (very rough)/Micro-gradient 3 + 0.424 0.197 2.152 
Roughness (very rough)/Micro-gradient 4 + 0.350 0.168 2.087 
Roughness (intermediate)/Micro-gradient 5 + 0.370 0.124 2.978 
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Figure 5.8. Relationship between lichen diversity and a selection of explanatory variables. 
Triangles represent quadrats from inside the exclosure and diamonds for those outside, in 
each of the graphs, except for the relationship with age of exclosure (bottom left). Here dots 
correspond to quadrats placed on the southwest facet, dark triangles represent quadrats from 
the northeast facet and pale triangles are for those from the topmost facet. (See Table 5.9 for 
more details). 
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5.6 Discussion 
This investigation has shown that a complete absence of red deer, within exclosures 
established to encourage woodland regeneration, is detrimental to the species richness, 
diversity and cover of lichens on rocks in a matrix of wet heath vegetation. The data support 
observational and anecdotal evidence from other sites in Scotland (Fryday 2001; Coppins 
2003; Orange 2009) concerning the threat of reduced grazing, from both sheep and deer, on 
lichen communities associated with small rock outcrops and boulders. The increase in 
shading and litter accumulation from the surrounding vegetation, and the subsequent growth 
of bryophytes and wet heath vegetation on rocks within the exclosures, was particularly 
damaging to saxicolous lichen species. This is consistent with the prediction of Orange 
(2009). Outside of the exclosures, red deer have prevented succession and maintained an 
open habitat more conducive to lichens associated with siliceous rock. 
 
There was no evidence of a detrimental effect on saxicolous lichen communities (such as the 
occurrence of species associated with a raised nutrient status on rocks) caused by red deer at 
an estimated density of 9 km
-2
 compared with an absence of red deer. Sphaerophorus 
globosus and Parmelia omphalodes are prone to predation from reindeer (Gilbert 2000) and 
sheep in the case of the former (Fryday 2001) but in this investigation they were found to be 
significantly more abundant on the tops of rocks outside the exclosures. Succession within 
exclosures would appear to be more detrimental to their survival than any browsing by red 
deer in the grazed treatment of this study. 
 
The significant interaction terms in the model for total lichen cover are merely a reflection of 
their immediacy. Non-cryptogam vegetation cover within a quadrat was a more serious threat 
to lichen cover than the height of vegetation around the rock. When the former was sparse 
only then did mean height of vegetation near the rock impact on lichen cover. At litter levels 
high enough to be covering lichens within a quadrat, bryophyte cover became less important. 
Other interaction terms demonstrate the importance of aspect. The southwest aspect of rocks 
was more exposed to the elements and orientated away from the slope on which the matrix 
vegetation was growing. Therefore, it was more resistant to bryophyte and vegetation 
encroachment and generally stood above the vegetation downslope. Rock size was removed 
early on in the model simplification process but this may reflect the fact that the quadrat area 
was standardised. If a full inventory of species on each rock was recorded then there may 
have been a different outcome. 
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Discrepancies in the general trend of the data demonstrate how duration of exclosure is 
confounded to some extent by location. Natural variability must still account for some of the 
differences in observational studies such as that presented here even when confounding 
factors have been reduced as far as possible (Pellerin et al. 2006). Therefore, it is not 
impossible that site-related factors could be influencing the data more than the fixed effects in 
the model (Virtanen et al. 2002). For example, Torridonian sandstone rocks were less 
favourable to the growth of bryophytes and higher plants than other rocks and this may be the 
reason for higher than expected lichen diversity in quadrats from the topmost-facet within the 
oldest exclosure at Strathnasheallag. This also accounts for the slight positive relationship 
between mean vegetation height and lichen diversity (Fig. 5.8). This problem would not have 
occurred if the experimental treatments could have been randomly assigned to homogeneous 
habitat from the beginning (Virtanen et al. 2002), with exactly the same geology, nitrogen 
loading and climate. Nonetheless, power analysis ensured a suitable amount of replication – 
important for observational studies of this type to gain statistical power (Virtanen et al. 2002). 
The lmer analysis accounted for differences in natural variation between each location, block, 
plot and quadrat. Despite the possible differences between locations described above, the 
greatest amount of unexplained variation in the data was generally between individual 
quadrats. Bryophyte and lichen communities can be very sensitive to changes in their 
microhabitat and although abiotic factors such as micro-gradient, aspect and roughness were 
recorded, other variables such as metal content of the rock for example went unmeasured 
which may have accounted for some of this variation. 
 
This study was not able to provide a critical duration of exclosure before lichen diversity 
decreased since this very much depends on the nature of each location. For example, Mast 
exclosure (erected in 2010) had undergone rapid regeneration because of the proximity to 
existing woodland and better drained soils. Meanwhile, there was minimal tree establishment 
in the exclosures at Little Gruinard and Lochan Beannach Mὸr (erected in 2000 and 1997 
respectively). Consequently, lichen diversity would be expected to decline more quickly in 
the exclosure erected at Mast than those erected away from woodland in more waterlogged 
conditions. This investigation can only report on the absence or presence of red deer at an 
estimated density of 9 km
-2
. Densities of 2-6 red deer km
-2
 have been recommended for the 
natural regeneration of Atlantic oak wood without the use of exclosures (Ratcliffe and Staines 
2001). It is likely that saxicolous lichen communities below the tree-line would be affected 
by the changing conditions brought about by these low densities of red deer. However, 
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woodland regeneration would probably be patchy and occur over a much longer period of 
time compared to inside an exclosure. 
 
Whilst no especially rare lichen communities associated with siliceous rocks were threatened 
by the exclosures within the study area, the data demonstrate the potential impact that 
exclosures can have elsewhere. Succession was no longer arrested in the absence of red deer 
inside the exclosures and subsequent modification of the environment has favoured the 
growth of bryophytes, and non-cryptogam vegetation cover on rocks, to the detriment of 
saxicolous lichen diversity. The authors wish to echo the warning expressed by Fryday 
(2001) in that a cessation of grazing (brought about by red deer exclosure) might have serious 
negative impacts in areas notable for their saxicolous lichen diversity. 
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6.1 Abstract 
Background: Exclosure is often seen as the most effective means of encouraging 
woodland regeneration in the presence of high deer densities. This has potential 
implications for terrestrial cryptogam diversity at a time when the Scottish Government 
is encouraging an increase in woodland cover. The hepatic mat assemblage at Coire 
Dhorrcail, Knoydart is unique to the Scottish mainland in that it occurs from sea-shore to 
mountain summit throughout the full range of vegetation. No previous study has 
examined the response of this rare liverwort community to an absence of red deer. 
Aims: To compare the species richness, diversity, dominance and abundance of 
bryophytes and lichens either side of the twenty-year old deer exclosure at Knoydart. 
Methods: Percentage cover of cryptogam species was estimated from quadrats within 
paired sample plots at different altitudes either side of the exclosure. Sampling was 
randomised at each stage. Simple linear models were used to analyse the data.  
Results: Succession within the exclosure has created conditions suitable for bulkier 
species of moss to attain local dominance causing significant reduction of Herbertus 
hutchinsiae cover, cryptogam species richness and diversity. 
Conclusions: What is good for tree regeneration may be bad for terrestrial cryptogams. 
Careful consideration of existing biodiversity is necessary before exclosing large areas 
for woodland regeneration.  
 
 
 
 
 
 
 
6.2 Keywords: bryophytes, Cervus elaphus, deer exclosure, grazing, Herbertus 
hutchinsiae, species diversity, species richness, succession, trampling, woodland regeneration 
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6.3 Introduction 
The mixed Northern Atlantic hepatic mat is a community of large and colourful leafy 
liverworts first described by Ratcliffe (1968). It is represented by mixtures of 16 oceanic 
species (Table 6.1) with a localised national and international distribution (Averis 1992) and 
is confined to mountainous regions, with a low annual temperature range and high 
atmospheric humidity (McVean and Ratcliffe 1962; Hobbs 1988). Growth of these liverworts 
in such closely associated and diverse mixtures is singular to the British Isles (Averis 1994). 
Overgrazing by sheep and muirburn have long been recognised as threats to the mixed 
Northern Atlantic hepatic mat (Ratcliffe 1968; Birks 1973; Hobbs 1988; Averis 1994; 
Blockeel 1995; Elkington et al. 2001; Rothero 2003; Averis et al. 2004; Porley and Hodgetts 
2005; Holyoak 2006; Long 2010) and climate change will also have consequences for this 
rare community (Hodd and Sheehy Skeffington 2011). The impacts on the Northern Atlantic 
hepatic mat from shifts in the grazing regimes of red deer (Cervus elaphus L.) are poorly 
known. The deer fence close to sea level at Coire Dhorrcail, part of the John Muir Trust’s 
Knoydart property, provides the only opportunity to study how the mixed Northern Atlantic 
hepatic mat has responded to a long absence of red deer.  
The hepatic mat assemblage at Coire Dhorrcail is unique to the Scottish mainland in that it 
occurs in vegetation through the full elevation sequence from the sea-shore to mountain 
summit (Averis 2001). The mixed Northern Atlantic hepatic mat is found mainly in the H21b 
Mastigophora woodsii–Herbertus hutchinsiae sub-community of the Calluna vulgaris–
Vaccinium myrtillus–Sphagnum capillifolium heath and H20c Bazzania tricrenata–Mylia 
taylorii sub-community of the Vaccinium myrtillus–Racomitrium lanuginosum heath 
(communities described using the National Vegetation Classification after Rodwell 1991b) 
according to Averis et al. (2004). The presence of hepatic mats in M15 Trichophorum 
germanicum–Erica tetralix wet heath, U5 Nardus stricta–Galium saxatile and U13a 
Deschampsia cespitosa–Galium saxatile grassland, U17d Luzula sylvatica–Geum rivale tall-
herb community and U12 Salix herbacea–Racomitrium heterostichum snow-bed plant 
communities (Rodwell 1991b; 1992) at Coire Dhorrcail is very unusual (Averis 2001). This 
rare phenomenon might be explained here by the historic lack of muirburn and the 
particularly wet climate (Averis 2001).  
A deer fence was erected at Coire Dhorrcail 20 years previously to encourage woodland 
regeneration. However, an absence of red deer is as unnatural as over-grazing and can cause 
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regenerating woods to grow into an impenetrable thicket (Kirby et al. 1994; Averis 2001) 
which is considered to be detrimental to cryptogam diversity due to excessive shading (ABG 
Averis 2001). The presence of an exclosure also exerts an increased red deer impact on the 
vegetation out-with, especially if there is no compensatory culling (Thomson et al. 2006). 
Nonetheless, the use of exclosures to promote woodland regeneration is often the main 
strategy open to landowners in the presence of high densities of red deer (Warren 2009). 
Therefore, an understanding of how the absence of a large herbivore inside exclosures might 
impact on terrestrial cryptogam biodiversity is important – especially at a time when the 
Scottish Government are encouraging an increase in woodland to cover about 25% of 
Scotland’s land area (Perkins et al. 2012). There has been no previous attempt to study how 
the hepatic mat community responds to the complete exclusion of red deer.     
The red deer density on the Knoydart property was 25–30 km-2 (K. Miller pers.comm. cited 
in Averis 2001) but culling has increased in recent years and the latest count in April 2012 
estimated deer density to be 11.4 km
-2
. This still exceeds the recommended 2–6 km-2 for the 
natural regeneration of Atlantic oak wood (Ratcliffe and Staines 2001) and the winter deer 
density of < 4 km
-2
 for Scots pine regeneration (Holloway 1967). Consequently, there have 
been opposing threats operating on the unusual hepatic mat assemblage either side of the 
fence within the Knoydart study area. It was hypothesised that dense birch and shrub 
regeneration, in the absence of red deer, would have reduced terrestrial bryophyte and lichen 
species cover, diversity and richness inside the exclosure and compromised the survival of 
the hepatic mat.  
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Table 6.1. List of the liverworts associated with the mixed Northern Atlantic hepatic mat 
compiled using information from Ratcliffe (1968), Averis (1992) and Long et al. (2006). 
Nationally rare (NR) or nationally scarce (NS) status is given according to Preston (2006; 
2010) and the other species are deemed to be more widespread in western Britain (present in 
> 100 10 km squares). 
 
Species    Conservation interest  Distribution 
 
 
Adelanthus lindenbergianus   NR   Northern Atlantic 
Anastrepta orcadensis      sub-Atlantic 
Anastrophyllum alpinum   NR   Northern Atlantic 
Anastrophyllum donnianum   NS   Northern Atlantic 
Bazzania pearsonii    NS   Northern Atlantic 
Bazzania tricrenata       Western British 
Herbertus hutchinsiae      Northern Atlantic 
Lepidozia pearsonii    NS   Northern Atlantic 
Mastigophora woodsii   NS   Northern Atlantic 
Mylia taylorii        Western British  
Plagiochila carringtonii   NS   Northern Atlantic 
Plagiochila spinulosa       sub-Atlantic 
Pleurozia purpurea       Northern Atlantic 
Scapania gracilis       sub-Atlantic 
Scapania nimbosa    NS   Northern Atlantic 
Scapania ornithopodioides   NS   Northern Atlantic 
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6.4 Method 
Site description 
The John Muir Trust’s Knoydart property is situated on the southern shore of Loch Hourn in 
west Scotland and encompasses Li and Coire Dhorrcail. The study area is toward the 
northeast corner of the property in NG8505, overlooking Barrisdale Bay, and south–east to 
the march which follows a steep watercourse up the hillside from Loch Hourn at NG862 049 
to the Creag Bheithe ridge. The area studied was ca. 18 ha in total with 9 ha of relatively 
uniform, north–east facing slope on either side of the fence–line.  The area of exclosure 
totalled about 70 ha although most of this continued on to slopes with other aspects and was 
not included in the study. There has been no grazing by sheep in the study area during the 
lifetime of the exclosure. 
 
The vegetation either side of the 20 year–old fence is profoundly different with dense birch 
regeneration and thickets of Calluna vulgaris within and grassland out-with the exclosure 
(Figures 6.1 and 6.2). The upper fence had been taken down in April 2010 but only after 20 
years of exclosure. The lower fence was still intact but had been erected 4 years after the 
upper fence. The fence line runs up the slope from sea-level to an elevation of ca. 150 m a.s.l. 
The hepatic mat assemblage was confined to particular habitats within the study area. These 
included patches of H21b vegetation on cliffs just above the shoreline and in M15 vegetation 
on steeper sections of the hillside. Large orange cushions of H. hutchinsiae were often 
prominent in these communities. There were areas of the hillside where the hepatic mat 
assemblage was completely absent such as in the hollows, where deeper and more freely-
draining soils permitted the occurrence of the W25 Pteridium aquilinum–Rubus fruticosus 
scrub community (described in Rodwell 1991a). It was therefore sensible to ignore habitats 
that would never have been favourable to the target liverworts in the design of this 
investigation. 
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Figure 6.1. The upper part of the study area at Coire Dhorrcail, Knoydart close to the old fence line 
showing the contrast between grazed treatment (foreground) and the dense Betula pubescens 
regeneration within the exclosure.  
 
 
Figure 6.2. The study area at the John Muir Trust’s Knoydart property showing the stark contrast in 
the vegetation either side of the deer exclosure (fence line runs down the slope just right of centre in 
the picture). (Photograph taken from Loch Hourn by Lester Standen). 
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Procedure 
Two 1 m
2 
quadrats were positioned randomly within a 5 m x 5 m sample plot, placed either 
side of the deer fence, at 10 randomly selected elevations. Each of the paired sample plots 
was selected at random from a number of possible plots (each side of the fence) at the 
designated height above sea-level. Possible plots contained habitat that had the potential for 
hepatic mat to occur or to have occurred. Habitat, gradient of slope, underlying geology and 
aspect within suitable plots from the grazed treatment were matched as far as possible with 
that found within the corresponding exclosed treatment. This reduced the number of potential 
confounding factors in addition to height above sea level. A similar starting point in the 
succession of the vegetation was assumed before the exclosure was established. 
The fieldwork was carried out in the first three days of May 2012. A GARMIN eTrex Legend 
GPS device was used to determine the altitude. Positional details were recorded for the 
purposes of long–term monitoring. The small size of the study area limited each plot to 5 m x 
5 m in area – marked out by tape measures. All apparently discrete cushions (irrespective of 
size) of H. hutchinsiae were counted during a careful search within each plot. A cushion of 
H. hutchinsiae was deemed to be discrete if there were no shoots of this liverwort interwoven 
amid other bryophytes, thereby connecting one cushion with another. The percentage cover 
of each bryophyte and terrestrial lichen species was visually estimated (making use of a 
smaller 0.01 m
2
 quadrat) within each 1 m
2
 quadrat. The percentage cover of Betula 
pubescens, ericoid shrub and graminoid was also estimated within each 1 m
2
 quadrat. Micro-
gradient within each quadrat was scored on a five-point scale from 1 (horizontal) through to 5 
(vertical) in order to establish whether there was an interaction with treatment. 
Nomenclature follows Hill et al. (2008) for bryophytes with the exception of Herbertus 
hutchinsiae, for which recent DNA evidence has confirmed full specific status (Bell et al. 
2012), Macdonald and Barrett (1993) for mammals, Smith et al. (2009) for lichens and Stace 
(2010) for vascular plants. 
Analysis 
Dominance is concerned with identity and was calculated by dividing the cover of the most 
abundant cryptogam species within a quadrat by the total cryptogam cover in that quadrat. 
The Shannon diversity index is described in Magurran (2004) and was used as a measure of 
overall evenness of species cover within quadrats. The percentage cover data from the 1 m
2
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quadrats within each plot were arcsine transformed prior to analysis. These 1m
2
 quadrat data 
were then summed for each 5 m x 5 m plot to remove pseudoreplication. A simple linear 
model (that incorporated the pairing of plots) was fitted to this data in R version 2.11.1 (R 
Development Team 2010) in order to test the null hypothesis that an absence of red deer has 
had no impact on the mean cover of hepatic mat or other bryophyte and lichen species inside 
the exclosure at Coire Dhorrcail. The same analysis was carried out on the arcsine 
transformed data for B. pubescens, ericoid shrub and graminoid cover. 
The possible interaction between micro-gradient and treatment on the cover of H. hutchinsiae 
within individual 1 m
2 
quadrats was also analysed in a simple linear model. The effect of 
blocking (paired-plots) was ignored for this analysis and factor level–reduction of micro-
gradient also freed up degrees of freedom. The latter was permitted since the majority of 
quadrats occurred on either steep (gradient 4) or less-steep slopes (gradient 3) within the 
plots. 
The total number of cryptogam species recorded from both 1 m
2
 quadrats, in each 5 m x 5 m 
plot, was analysed using a generalised linear model (again incorporating the pairing of plots) 
with a Poisson error structure specified, to deal with the non-constant variance associated 
with count data. The response variable was thereby transformed by the log-link function. The 
number of H. hutchinsiae cushions from the 10 matched habitat pairs were analysed in a 
similar fashion. Details concerning the statistical methods applied to the data using R 
software may be found in Crawley (2013). 
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6.5 Results 
A complete bryophyte and lichen species list is presented in Appendix J. Seven liverwort 
species associated with the mixed hepatic mat were recorded. Total hepatic mat cover was 
not significantly different (P = 0.056) within plots either side of the exclosure (Figure 6.3a). 
However, Herbertus hutchinsiae (the most abundant representative of the hepatic mat in the 
study area) was significantly lower in cover within plots inside the exclosure (Table 6.2). 
Bazzania tricrenata and the lichen Cladonia portentosa were also significantly more 
abundant out-with the exclosure but very small absolute cover values were involved. Other 
hepatic mat species were too scarce for any significant differences to be detected between 
treatments (Table 6.2). 
Bryophyte and lichen species richness was significantly higher (P < 0.001) in plots out-with 
the exclosure (Figure 6.3b). There was significantly greater cryptogam dominance (P < 0.05) 
in quadrats from within the exclosure compared to those outside (Figure 6.3c). There was a 
significantly greater bryophyte and lichen diversity (P < 0.01) in quadrats from the grazed 
treatment (Figure 6.3d). There was no significant difference in cover of Betula pubescens (P 
= 0.103) or ericoid shrub (P = 0.149) within quadrats either side of the exclosure but grass 
cover was significantly more abundant (P < 0.001) in the grazed treatment (Figure 6.4). 
Height of vegetation was not measured but was substantially taller within the exclosure 
(personal observation). Herbertus hutchinsiae cushions were significantly more frequent (P < 
0.001) in sample plots out-with the exclosure (Table 6.3). 
There was a significant interaction between treatment and micro-gradient in the model 
concerned with H. hutchinsiae cover within quadrats. Significantly more of this liverwort 
occurred in quadrats on a steep micro-gradient in the grazed situation than on less steep 
slopes inside the exclosure (P < 0.01). 
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Table 6.2. Mean arcsine cover values of selected bryophyte and lichen species from 20 1 m x 
1 m quadrats within matched habitat plots either side of the exclosure at Coire Dhorrcail, 
Knoydart. The P values were derived from analysis in a simple linear model after 
pseudoreplication within each plot had been removed. The Standard Error (SE) is for the 
difference between means. Significant P values are in bold type. (Percentage cover values are in 
brackets). 
 
 Mean arcsine cover (radians)      
Species Effect of exclosure Grazed Exclosed SE P value 
 
Anastrepta orcadensis –  0.011 0.000 0.006 0.095 
Bazzania tricrenata – 0.027 (<0.1%) 0.000 (0.0%) 0.010 0.020 
Cladonia portentosa – 0.027 (<0.1%) 0.006 (<0.1%) 0.009 0.039 
Diplophyllum albicans – 0.093 0.081 0.020 0.697 
Herbertus hutchinsiae – 0.150 (2.5%) 0.011 (<0.1%) 0.056 0.035 
Hylocomium splendens – 0.231 0.221 0.088 0.913 
Hypnum jutlandicum + 0.087
 
0.164 0.049 0.153 
Lepidozia pearsonii – 0.007 0.000 0.007 0.343 
Mylia taylorii – 0.010 0.000 0.006 0.104 
Pleurozia purpurea + 0.030 0.033 0.045 0.949 
Pleurozium schreberi – 0.069 0.045 0.027 0.400 
Racomitrium lanuginosum – 0.218 0.058 0.088 0.101 
Rhytidiadelphus loreus – 0.058 0.054 0.016 0.814 
Scapania gracilis – 0.031 0.016 0.017 0.408 
Sphagnum quinquefarium + 0.162
 
0.212
 
0.109 0.658 
Thuidium tamariscinum + 0.104 0.242 0.077 0.107 
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Figure 6.3. Mean arcsine hepatic mat cover (a), mean log cryptogam species richness (b), 
mean cryptogam dominance (c) and mean cryptogam Shannon diversity (d) either side of the 
exclosure at Coire Dhorrcail, Knoydart, following analysis of data from 1 m
2
 quadrats in 
simple linear models. The Standard Error is for the difference between means. 
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Figure 6.4. Mean arcsine cover of Betula pubescens (a), ericoid shrub (b) and graminoid (c) 
in plots either side of the exclosure at Coire Dhorrcail, Knoydart, following analysis of data 
from 1 m
2
 quadrats in simple linear models. The Standard Error is for the difference between 
means. 
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Table 6.3. Number of discrete cushions of H. hutchinsiae within each 5 m x 5 m sample plot 
either side of the deer exclosure at Coire Dhorrcail, Knoydart. 
 
Paired-plot Number of H. hutchinsiae cushions within each plot 
     Grazed    Exclosed 
 
 A 9 1 
 B 17 0 
 C 20 2 
 D 6 1 
 E 0 0 
 F 3 0 
 G 2 0 
 H 4 0 
 I 8 0 
 J 42 16 
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6.6 Discussion 
The complete absence of red deer, over a period of 20 years, has been more detrimental to the 
survival of H. hutchinsiae, than has heavy grazing by the same animal, out-with the exclosure 
at Coire Dhorrcail. The mild climate near sea level, proximity to a seed source and absence of 
large herbivores in the exclosure means that succession to woodland has been rapid and 
unnaturally dense. It is postulated that the increased shading and humidity, below the canopy, 
has favoured the growth of competitive bryophytes such as common bulky pleurocarpous 
mosses and Sphagnum species at the expense of H. hutchinsiae. Grazing suppresses this 
succession and has allowed H. hutchinsiae to survive in the steeper parts of the open and 
grassy wet heath where it is less prone to trampling. The suggested mechanism is only 
applicable to the unusual situation at Coire Dhorrcail, Knoydart. The authors acknowledge 
that the true sample size in this observational study is actually n = 1 and so discussion is 
limited to this one site. Therefore, the 5 m x 5 m plots may be considered genuine replicates 
according to arguments presented in Stohlgren (2007). 
Our findings were consistent with Pajunen et al. (2012) in that cryptogam species richness 
and diversity was reduced beneath an increased shrub canopy cover inside the exclosure. 
Grazing can be beneficial since it reduces competition from bigger plants and keeps habitats 
open (Rothero 2006). However, Virtanen and Crawley (2010) found that bryophyte species 
richness was lower in grassland most favoured by sheep on St. Kilda. Though this may have 
been an indirect effect of higher initial soil fertility, the accumulation of dung and urine from 
year-round grazing was also thought to account for this pattern (Virtanen and Crawley 2010). 
This does not apply to the Knoydart study area, where red deer usage is periodic. 
The hepatic mat community has been recorded from Quercus petraea–Betula pubescens–
Dicranum scoparium W17 woodland (Rodwell 1991a) at other sites (Averis 1994) and was 
frequent in the hanging birch-woodland at higher altitude at Coire Dhorrcail (personal 
observation). These woodlands would have developed more naturally in the presence of low 
levels of herbivores and/or on very steep rocky slopes (as in the latter case) allowing the 
persistence of liverworts associated with the hepatic mat. Longer–term trends are difficult to 
predict had the exclosure remained in place. If cushions of H. hutchinsiae failed to survive 
long enough for the Betula woodland to have thinned out within the exclosure, then re-
colonisation by this liverwort, which is not known to reproduce sexually in the British Isles 
(Paton 1999), would be unlikely. An absence of red deer trampling might have been expected 
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to allow the growth of H. hutchinsiae on less steep areas but the benefits of the exclosure 
appear to have been out-weighed by the costs of interspecific competition. 
The paired-plot design of this investigation was justified to account for local differences in 
environmental conditions experienced by plots of similar habitat and height above sea-level. 
For example, the paired-plot J was closest to the shore where H21b vegetation grew close to 
maritime species such as Schistidium maritimum. Herbertus hutchinsiae cushions were 
locally abundant in this area and randomly placed quadrats either side of the fence would 
have confounded the impact of red deer with these local effects. Ten paired-plots were not 
enough to observe any significant differences in Betula and Calluna cover. The small sample 
size was also susceptible to influences such as the presence of a large patch of Pleurozia 
purpurea in a plot inside the exclosure, affecting the analysis of total hepatic mat cover. 
This case study demonstrates the need for careful consideration of potential impacts on 
terrestrial bryophyte and lichen biodiversity ahead of the installation of exclosures – 
particularly if rare species assemblages are likely to be affected. Where there is little realistic 
chance of a substantial reduction in red deer numbers, exclosures will remain necessary to 
facilitate woodland regeneration in Scotland (Warren 2009). This has been highly successful 
at Knoydart but has paradoxically caused the near-elimination of liverworts associated with 
the hepatic mat within the 20 year–old exclosure. 
Predicting a suitable maximum duration of exclosure for woodland regeneration in Scotland 
is difficult because of different environmental conditions at each location. Consequently, 
decisions can only be made on a site by site basis. Acton and Rothero (2010) strongly 
recommend that specialist lichen and bryophyte advice is sought before any major 
infrastructure developments go ahead in Atlantic woodlands. The ideal situation in the 
Knoydart study area would be for grazing by red deer to continue but at a lower level, so that 
natural woodland regeneration can occur without the use of exclosures. 
  
6.7 Acknowledgements 
The authors wish to thank the John Muir Trust and the Letterewe Estate for financially 
supporting this research. The logistical support given by the Letterewe staff was also 
gratefully appreciated. Thanks also for the comments and advice given by the anonymous 
reviewers on an earlier draft of this manuscript. 
157 
 
6.8 References 
Acton A, Rothero G. 2010. Lichens and bryophytes of Atlantic woodland in Scotland: an 
introduction to their ecology and management. Back from the Brink Management Series, 
Plantlife Scotland. 
Averis A. 1992. Where are all the hepatic mat liverworts in Scotland? Botanical Journal of 
Scotland 46:191–198. 
Averis A. 1994. The ecology of an Atlantic liverwort community. [PhD Thesis]. [Edinburgh 
(Scotland)]: University of Edinburgh. 
Averis A. 2001. Vegetation survey of Li and Coire Dhorrcail, Knoydart. Unpublished Report 
for the John Muir Trust. 
Averis ABG. 2001. The effects of woodland management on bryophytes and lichens in the 
western Highlands. Information and Advisory Note No. 121. Battleby (UK): Scottish Natural 
Heritage. 
Averis ABG, Averis AM, Birks HJB, Horsfield D, Thompson DBA, Yeo MJM. 2004. An 
illustrated guide to British upland vegetation. Peterborough (UK): Joint Nature Conservation 
Committee. 
Bell D, Long DG, Forrest AD, Hollingsworth ML, Blom HH, Hollingsworth PM. 2012. DNA 
barcoding of European Herbertus (Marchantiopsida, Herbertaceae) and the discovery and 
description of a new species. Molecular Ecology Resources 12:36–47. 
Birks HJB. 1973. Past and present vegetation of Skye. Cambridge (UK): Cambridge 
University Press. 
Blockeel TL. 1995. Summer field meeting, 1994, second week, Clifden. Bulletin of the 
British Bryological Society 65:12–18. 
Crawley M.J. 2013. The R book. 2nd ed. Chichester (UK): John Wiley & Sons, Ltd. 
 
Elkington T, Dayton N, Jackson DL, Strachan IM. 2001. National Vegetation Classification: 
Field guide to mires and heaths. Peterborough (UK): Joint Nature Conservancy Council. 
Hill MO, Blackstock TH, Long D, Rothero G. 2008. A checklist and census catalogue of 
British and Irish bryophytes. Cheshire (UK): British Bryological Society. 
158 
 
Hobbs AM. 1988. Conservation of leafy liverwort-rich Calluna vulgaris heath in Scotland. 
In: Usher MB, Thompson DBA, editors. Ecological change in the uplands. Oxford (UK): 
Blackwell Scientific Publications. p. 339–343. 
Hodd R, Sheehy Skeffington MJ. 2011. Mixed northern hepatic mat: a threatened and unique 
bryophyte community. Field Bryology 104:2–11. 
Holloway CW. 1967. The effects of red deer and other animals on naturally regenerated Scots 
pine. [PhD thesis]. [Aberdeen (Scotland)]: University of Aberdeen. 
 
Holyoak DT. 2006. Progress towards a species inventory for conservation of bryophytes in 
Ireland. Proceedings of the Royal Irish Academy 106B:225–236. 
Kirby K, Mitchell FJ, Hester AJ. 1994. A role for large herbivores (deer and domestic stock) 
in nature conservation management in British semi-natural woods. Arboricultural Journal 
18:381–399. 
Long D. 2010. The tragedy of the Twelve Bens of Connemara: is there a future for 
Adelanthus lindenbergianus? Field Bryology 100:2–8. 
Long DG, Paton JA, Squirrell J, Woodhead M, Hollingsworth PM. 2006. Morphological, 
ecological and genetic evidence for distinguishing Anastrophyllum joergensenii Schiffn. and 
A. alpinum Steph. (Jungermanniopsida: Lophoziaceae.). Journal of Bryology 28:108–117. 
Macdonald D, Barrett P. 1993. Mammals of Britain & Europe. London (UK): 
HarperCollinsPublishers. 
Magurran AE. 2004. Measuring biological diversity. Oxford (UK): Blackwell Science Ltd. 
McVean DN, Ratcliffe DA. 1962. Plant communities of the Scottish Highlands. Monograph 
No. 1 of the Nature Conservancy. London (UK): HMSO. 
Pajunen A, Virtanen R, Roininen H. 2012. Browsing-mediated shrub canopy changes drive 
composition and species richness in forest-tundra ecosystems. Oikos 121:1544–1552. 
Paton JA. 1999. The liverwort flora of the British Isles. Colchester (England): Harley Books. 
Perkins AJ, Maggs HE, Wilson JD. 2012. Farmland birds in Scotland. Scottish Birds 32:236–
244. 
159 
 
Porley R, Hodgetts N. 2005. Mosses and liverworts. London (UK): HarperCollins Publishers. 
Preston CD. 2006. A revised list of nationally scarce bryophytes. Field Bryology 90:22–30. 
 
Preston CD. 2010. A revised list of nationally rare bryophytes. Field Bryology 100:32-40. 
R Development Core Team 2010. R: a language and environment for statistical computing. 
Vienna (Austria): R Foundation for Statistical Computing. 
Ratcliffe DA. 1968. An ecological account of Atlantic bryophytes in the British Isles. New 
Phytologist 67:365–439. 
Ratcliffe PR, Staines BW. 2001. Deer management requirements for the delivery of Natura 
2000 objectives in Atlantic oakwoods. Paper to Help Guide Atlantic Oakwoods LIFE Project. 
Rodwell JS. 1991a. British plant communities Volume 1: Woodlands and scrub. Cambridge 
(UK): Cambridge University Press. 
Rodwell JS. 1991b. British plant communities Volume 2: Mires and heaths. Cambridge 
(UK): Cambridge University Press. 
Rodwell JS. 1992. British plant communities Volume 3: Grasslands and montane 
communities. Cambridge (UK): Cambridge University Press. 
Rothero G. 2003. Bryophyte conservation in Scotland. Botanical Journal of Scotland 55:17–
26. 
Rothero G. 2006. Bryophytes. In: Shaw P, Thompson DBA, editors. The nature of the 
Cairngorms: Diversity in a changing environment. Edinburgh (UK): The Stationery Office. p. 
195–213. 
Smith CW, Aptroot A, Coppins BJ, Fletcher A, Gilbert OL, James PW, Wolseley PA. 2009. 
The lichens of Britain and Ireland. London (UK): British Lichen Society. 
 
Stace CA. 2010. New flora of the British Isles. 3rd ed. Cambridge (UK): Cambridge 
University Press. 
Stohlgren T.J. 2007 Measuring Plant Diversity – Lessons from the field. Oxford (UK): 
Oxford University Press. 
160 
 
Thomson J, Bryce J, Scott R, Horsfield D. 2006. Deer management. In: Shaw P, Thompson 
DBA, editors. The nature of the Cairngorms: Diversity in a changing environment. 
Edinburgh: The Stationery Office. p. 367–379. 
Virtanen R, Crawley M. 2010. Contrasting patterns in bryophyhte and vascular plant species 
richness in relation to elevation, biomass and Soay sheep on St. Kilda, Scotland. Plant 
Ecology and Diversity 3:77–85. 
Warren C. 2009. Managing Scotland’s environment. Edinburgh (Great Britain): Edinburgh 
University Press. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
161 
 
CHAPTER 7 
 
The impact of red deer on liverwort-rich oceanic 
heath vegetation 
 
Oliver Moore* and Michael J. Crawley
 
 
Department of Biology, Imperial College London, Silwood Park Campus, ASCOT, Berks, SL5 7PY, 
UK 
 
*Corresponding author. Email: olivermoore07@gmail.com 
 
 
 
 
 
 
 
 
 
162 
 
7.1 Abstract 
Background: There is concern about increasing numbers of red deer (Cervus elaphus) 
in the Scottish Highlands but little is known about their impact on bryophytes. 
Aims: This study set out to determine the effect of different localised densities of red 
deer on the internationally important Northern Atlantic hepatic mat, characteristic of 
oceanic heath, at four locations in Wester Ross where sheep have been absent for 
decades. 
Methods: Thirty 49 m
2
 plots were randomly located in each study area. The standing 
crop dung pellet group count method was used as a proxy for an estimate of red deer 
density and this was directly related to habitat condition. Species richness, diversity 
and cover of hepatic mat liverworts were obtained from 1 m
2
 quadrats placed at 
random within the sample plots. Calluna vulgaris cover, ericoid height, rock cover, 
gradient and altitude were also recorded. 
Results: Model simplification in ANCOVA revealed a consistent pattern of 
decreasing cover of hepatic mat and Calluna with increasing red deer density at all 
four study areas. Northern Atlantic hepatic mat cover, diversity and species richness 
were positively correlated with Calluna cover. 
Conclusions: The data suggest that Calluna cover is reduced (through trampling and 
browsing) at high local densities of red deer which has had cascading effects on the 
Northern Atlantic hepatic mat. Alternative explanations are discussed. 
 
 
 
 
 
 
7.2 Key-words: Browsing, Calluna vulgaris, Cervus elaphus, conservation, Northern 
Atlantic mixed hepatic mat, species richness, trampling 
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7.3 Introduction 
Oceanic heath is a rare habitat of international importance and high conservation value 
(Averis et al. 2004; Rothero 2010). It is known as the H21b Mastigophora woodsii-Herbertus 
aduncus ssp. hutchinsiae sub-community of the Calluna vulgaris–Vaccinium myrtillus–
Sphagnum capillifolium heath in the National Vegetation Classification (Rodwell 1991). 
Growing below the dwarf-shrub canopy are colourful mixtures of large leafy-liverwort 
species (Rodwell 1991; Averis et al. 2004), with disjunct world distributions (Schuster 1979; 
Hodgetts 1997; Long 2010; Rothero 2010), collectively described as the mixed Northern 
Atlantic hepatic mat (Ratcliffe 1968). The mixed Northern Atlantic hepatic mat is comprised 
of combinations of any number of 16 oceanic liverworts (Table 7.1) growing in close 
association (Averis 1992). It attains its best development in the northwest Highlands (Hodd 
and Sheehy Skeffington 2011) and Scotland is the only location where all eleven liverworts 
of the Northern Atlantic component occur (Averis 1992). Elsewhere there are good stands of 
this community in western Ireland, the Faroe Islands and in southwest Norway but these are 
not as extensive or as species-rich (Crundwell 1970; Rothero 2010; Hodd and Sheehy 
Skeffington 2011). 
Burning and grazing are well known threats to the liverwort-rich oceanic heath (McVean and 
Ratcliffe 1962; Ratcliffe 1968; Birks 1973; Hobbs 1988; Averis 1994; Averis et al. 2000; 
Elkington et al. 2001; Rothero 2003; Averis et al. 2004; Porley and Hodgetts 2005; Long 
2010; Hodd and Sheehy Skeffington 2011) though damage by these means has not been 
quantified (Averis 1992). The effects of overgrazing by sheep are well documented, 
particularly in Ireland (Blockeel 1995; Porley and Hodgetts 2005; Holyoak 2006; Long 
2010), but the impact of grazing by red deer (Cervus elaphus) on the oceanic heath is less 
well known. With numbers of red deer in the Highlands almost doubling since the 1970s as a 
result of reduced sheep stocks and climate change (Clutton-Brock et al. 2004), we need to 
know if this large herbivore is a threat to the mixed Northern Atlantic hepatic mat. 
The ecological amplitude of the Northern Atlantic hepatic mat is limited (Hobbs 1988; Hill et 
al. 1991; Paton 1999; Atherton et al. 2010; Hodd and Sheehy Skeffington 2011). It occurs in 
mountainous regions with an oceanic climate, subject to mild winters and cool summers, high 
atmospheric humidity and in receipt of ≥ 1 mm of rain on ≥ 220 days year-1 (McVean and 
Ratcliffe 1962; Ratcliffe 1968; Hobbs 1988). Relatively steep, rocky slopes and cliffs with an 
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aspect between north-west and east, which remain shaded for most of the day, are particularly 
favourable to the hepatic mat (Ratcliffe 1968; Rodwell 1991; Averis et al. 2004). 
 
Table 7.1. Liverworts associated with the mixed Northern Atlantic hepatic mat compiled 
using information from Ratcliffe (1968), Averis (1992) and Long et al. (2006). Nationally 
rare (NR) or nationally scarce (NS) status is given according to Preston (2006; 2010) and the 
other species are deemed to be more widespread in western Britain (present in > 100 10 km 
squares). This table was first published in Plant Ecology & Diversity by Moore et al. (In 
press) and is reproduced here with permission from Taylor & Francis. 
 
Species    Conservation interest  Distribution 
 
Adelanthus lindenbergianus   NR   Northern Atlantic 
Anastrepta orcadensis      sub-Atlantic 
Anastrophyllum alpinum   NR   Northern Atlantic 
Anastrophyllum donnianum   NS   Northern Atlantic 
Bazzania pearsonii    NS   Northern Atlantic 
Bazzania tricrenata       Western British 
Herbertus hutchinsiae      Northern Atlantic 
Lepidozia pearsonii    NS   Northern Atlantic 
Mastigophora woodsii   NS   Northern Atlantic 
Mylia taylorii        Western British  
Plagiochila carringtonii   NS   Northern Atlantic 
Plagiochila spinulosa       sub-Atlantic 
Pleurozia purpurea       Northern Atlantic 
Scapania gracilis       sub-Atlantic 
Scapania nimbosa    NS   Northern Atlantic 
Scapania ornithopodioides   NS   Northern Atlantic 
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However, anecdotal evidence suggests that oceanic heath was previously more widespread on 
flat ground in addition to steep slopes and the present distribution is a result of management 
history (McVean and Ratcliffe 1962; Hobbs 1988; Porley and Hodgetts 2005). Long-distance 
dispersal is also extremely limited in the Northern Atlantic liverwort component of oceanic 
heath (Hodd and Sheehy-Skeffington 2011). Sexual reproduction has only been reported once 
in the British Isles (Averis 1994) and few of the scarce hepatic mat species produce 
specialised vegetative propagules such as gemmae (Paton 1999). Fragmentation of the 
gametophyte is the only mechanism that might enable the establishment of new populations 
and this is thought to be slow and unpredictable (Rothero 2003). Therefore, this unique 
community of liverworts is very vulnerable to the damaging effects of overgrazing and 
muirburn (Hodd and Sheehy Skeffington 2011). 
According to anecdotal evidence, the oceanic heath is able to withstand low levels of grazing 
but high numbers of large herbivores eventually converts the oceanic heath to grassland 
(Ratcliffe 1968; Averis et al. 2000; Averis et al. 2004). Without a canopy of heather there is a 
reduction in atmospheric humidity and many of the rare Northern Atlantic liverworts are 
unable to persist (Averis et al. 2000). Grazing by red deer is thought to have reduced the 
extent of oceanic heath on Ben More Assynt and Beinn Bhàn according to Hobbs (1988). 
However, limited evidence exists to suggest that red deer cause extensive changes to the 
distribution of upland plant communities other than through the inhibition of woodland 
regeneration (Clutton-Brock et al. 2002) but this may simply reflect the lack of studies that 
separate the effects of deer and sheep grazing. It is also difficult to quantify damage to the 
oceanic heath even when the effects of burning and grazing are obvious in the field (Hobbs 
1988). 
Here the non-random distribution of red deer within an area of landscape is exploited and the 
dung pellet group count method (De Nahlik 1992; Mayle et al. 1999) is used as a proxy for 
red deer density in order to examine how this herbivore may be impacting on the oceanic 
heath community. The interaction between herbivores and vegetation is localised within a 
landscape but remains an important driver of change (Gordon et al. 2004). Therefore, it is 
expected that within an area of heather moorland there will be places that are more 
intensively used than others. The sensitivity of the landscape is influenced by the patchiness 
of vegetation because change is fastest at the boundaries between plant communities (Milne 
and Hartley 2001). For example, red deer prefer to browse Calluna at the edge of grass 
patches in upland heath leading to loss of heather cover (Hester and Baillie 1998; Gordon et 
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al. 2004). Patches of Northern Atlantic hepatic mat were expected to be at lower risk from the 
effects of trampling or loss of the dwarf-shrub layer in places where it was awkward for deer 
to access. 
 
It was predicted that the mixed Northern Atlantic hepatic mat would be impoverished (as a 
result of reduced heather cover and direct trampling damage) where intensity of usage by red 
deer was locally high. This study also compared areas of oceanic heath on estates with 
contrasting management objectives in northwest Scotland. Greater impact on the oceanic 
heath vegetation was expected in study areas on the sporting estate where estimated mean 
deer density was higher than on the nature reserves. It is hoped that the models presented here 
will be useful in predicting the impacts of different densities of red deer at other estates in the 
Highlands where liverwort-rich oceanic heath occurs. 
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7.4 Method 
Site Description 
Areas of oceanic heath were identified from historical and personal records from which two 
areas were selected at random from a sporting estate and two from neighbouring nature 
reserves in the Loch Maree area of Wester Ross, Scotland (Table 7.2). The study area 
stretched for a distance of 1 km below north- to northwest- facing crags at each location. 
Sheep have been absent from all of these areas for over 30 years but past grazing has been 
more intensive on the Letterewe Estate (Averis and Averis 1998, Milner et al. 2002). Doire 
Crionaich appears to have suffered most damage from historical management (personal 
observation). However, oceanic heath vegetation did still exist within this study area, in an 
area of large block scree, in heath close to the cliffs below a remnant hanging wood and in 
the lower slopes of Coire nan Laogh. Hence, random sampling was confined to these 
particular sites at this location rather than the hillside as a whole. Each study area was subject 
to the same oceanic climate (Meteorological Office 2013) and altitude of the sample plots 
was in the range 237–502 m. The mixed hepatic mat is not affected by the chemical 
composition of the underlying rock and can occur over a variety of substrates including 
quartzite, sandstone, base-rich mica-schists and basalt (Rodwell 1991; Averis 1994). 
Procedure 
Grid references were selected at random for the bottom left-hand corner for each of thirty 
sample plots located within each study area. For those sample plots landing on an unsuitable 
site such as an area of open scree, or in the middle of a flush system, either a new plot was 
selected in the vicinity at random from a number of possible plots or an entirely new grid 
reference was taken. Each plot constituted a 7 m x 7 m sample area marked out with tape 
measures. This was searched thoroughly for red deer dung pellet groups according to the 
standing crop dung pellet group count method (De Nahlik 1992; Mayle et al. 1999). By 
taking enough randomly placed sample plots within each study area, it was hoped to get a 
range of red deer usage values with which to correlate against impact to the hepatic mat. 
Fieldwork was carried out in spring 2012. 
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Table 7.2. Site details for each randomly selected study area of oceanic heath in Wester Ross, 
Scotland. Estimates of red deer numbers (at time of data collection) were provided by the 
relevant factor/reserve managers. Geological information came from maps produced by the 
British Geological Survey (1962). 
 
 Estimated mean 
Study area Grid reference Ownership Management red deer density Geology 
  objective on property (km
-2
) 
 
Bealach a Chùirn NG9674/9774 Letterewe Sporting (deer 9 Horneblende 
 Estate stalking/fishing) schist 
 
Doire Crionaich NG9376 Letterewe Sporting (deer 9 Horneblende 
 Estate stalking/fishing) schist 
 
Liathach NG9458 National Trust Conservation 4.7 Torridonian 
(Torridon) for Scotland  sandstone 
 
Ruadh-stac Beag NG9762 Scottish  Conservation ≤ 3* Quartzite 
(Beinn Eighe) Natural (National Nature 
 Heritage Reserve) 
 
* Deer numbers have been reduced to a level that is permitting natural regeneration of native pine 
woodland (Eoghain Maclean pers. comm.) so this was taken to be ≤ 3 km-2 (which is the same as the 
deer numbers quoted for Beinn Eighe at the beginning of the 21
st
 century) according to Laughton 
Johnston and Balharry (2001). 
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Percentage rock cover for each sample plot was estimated by eye and altitude was recorded 
using a GARMIN eTrex Legend GPS device. The sample plot was divided up into squares of 
area 1 m
2 
and each allocated a number between 1 and 49 from which one was selected at 
random. If this quadrat landed entirely on a large rock or scree then a new square was 
selected at random. The percentage-cover of each bryophyte and lichen species (and 
dominant higher plant) within this 1 m
2
 quadrat were estimated visually using a grid with 
squares of 0.01 m
2
 in area. Total hepatic mat cover was recorded in situ but the cumulative 
total of Northern Atlantic liverworts within the mat was calculated later. Mean ericoid height 
was obtained based on ten measurements with a metre rule at regular intervals in a pre-
determined diagonal. Hepatic mat species height was measured in a similar way. Micro-
gradient and percentage rock cover were also recorded from each of these quadrats. For 
quickness, the micro-gradient was scored on a scale of 1 – 5 that increased with steepness 
from the horizontal to the vertical. A 1 m
2
 quadrat was used for this fieldwork owing to the 
awkward nature of the terrain where any size larger would have made recording difficult.  
 
Bell et al. (2012) was observed for the naming of Herbertus borealis and H. hutchinsiae but 
the nomenclature of all other bryophytes followed Hill et al. (2008). Nomenclature followed 
Macdonald and Barrett (1993) for mammals and Stace (2010) for vascular plants. 
 
Analysis 
The dung pellet group count data for each 49 m
2
 sample plot were converted into red deer 
dung density (m
-2
). Dung density was used instead of an estimate of deer numbers because 
only a precision of ± 20% could be achieved using the dung pellet group count–deer density 
graph presented in De Nahlik (1992) and this also requires assumptions of the rate of 
defaecation and decay (Mayle et al. 1999).  
 
Dominance (concerned with identity), species richness and Shannon diversity (or evenness) 
indices for all cryptogams within each quadrat and for only the Northern Atlantic members of 
the hepatic mat community were calculated prior to analysis. Percentage cover data were 
arcsine transformed prior to analysis using R version 2.11.1 (R Development Core Team 
2010). ANOVA was used to establish whether there were differences in the means of the 
explanatory variables such as Calluna cover, red deer dung density and ericoid height 
between locations. A priori orthogonal contrasts were used to compare the two study areas in 
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the Letterewe Forest with those sites managed specifically for the natural heritage (Beinn 
Eighe and Liathach), and to look for differences in means between the individual locations.  
 
Model simplification in ANCOVA identified which of the main effects had the most 
explanatory power for each of the relevant response variables. For continuous response 
variables, such as arcsine cover of hepatic mat, this was done using a Linear Model (LM) 
with normal errors. For count data such as Northern Atlantic liverwort species richness, 
model simplification was performed in a Generalised Linear Model (GLM) with a 
quasipoisson error structure because of over-dispersion in the response. The explanatory 
variables considered for use in the maximal models included those that were categorical, 
namely location and gradient and those that were continuous such as altitude, Calluna cover, 
red deer dung density, rock cover and mean ericoid height as appropriate. Inspection of 
boxplots, scatter graphs and tree models assisted with the initial parameterisation of the 
maximum models. To avoid the problems associated with over-parameterisation, the 
maximum model was constructed following the guidance in Crawley (2005). This pragmatic 
approach required inclusion of the quadratic functions for those continuous explanatory terms 
that actually showed evidence of curvature and only the significant two-way interactions 
(from separate models with randomly selected sets of the interaction terms with all of the 
main effects). Three-way interactions were also included at the outset if the variables were 
already involved in important two-way interactions. Models were compared consecutively 
using ANOVA in order to justify the removal or retention of explanatory terms in a stepwise 
manner. Each minimum adequate model (MAM) that resulted from this process was tested 
for goodness of fit. The predict function in R was used to plot the model from the data.  
 
7.5 Results 
A total of 104 cryptogam species were recorded from the 120 quadrats (see Appendix K). 
Sphagnum capillifolium ssp. rubellum and bulky pleurocarpous mosses such as Hylocomium 
splendens, Hypnum jutlandicum, Racomitrium lanuginosum and the liverwort Diplophyllum 
albicans were present in the majority of quadrats. Calluna vulgaris was absent from just one 
quadrat. Doire Crionaich had the greatest cryptogam species richness overall (Table 7.3). 
However, there were fewer species comprising the hepatic mat at this location due to the 
lower number of Northern Atlantic liverworts (although Scapania nimbosa and Bazzania 
pearsonii were seen outside of quadrats). Anastrophyllum donnianum was recorded from a 
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handful of quadrats at Beinn Eighe and once at Bealach a’ Chùirn. The hepatic mat at Beinn 
Eighe included the globally rare Herbertus borealis. 
 
 
Table 7.3. Summary of cryptogam species richness (SR) in 30 quadrats at each of the four 
oceanic heath study areas in Wester Ross. 
 
 
Number of species at each location 
Location Bealach a’ Chùirn Beinn Eighe Doire Crionaich Liathach 
 
Total cryptogam SR 63 59 72 61 
Hepatic mat SR 14 15 11 13 
Northern Atlantic liverwort SR 9 10 6 8 
 
 
 
Explanatory variables were compared across locations using ANOVA (Figure 7.1). There 
was no significant difference in the a priori orthogonal contrast that compared mean red deer 
dung density between the two locations from a sporting estate with those managed for 
conservation. However, red deer dung density was significantly lower at Beinn Eighe 
compared to Liathach (P = 0.019) and significantly lower at Bealach a’ Chùirn compared to 
Doire Crionaich (P = 0.004). There was no significant difference in mean arcsine Calluna 
cover between locations. The a posteriori orthogonal contrasts show mean ericoid height to 
be significantly taller (P < 0.001) at Beinn Eighe than any of the other locations. Graminoid 
cover was significantly lower at Beinn Eighe compared to the other three locations combined 
(P < 0.001) after a posteriori orthogonal contrasts were applied. 
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Figure 7.1. Bar charts showing mean red deer dung density (a), mean arcsine Calluna cover 
(b), mean ericoid height (c) and mean graminoid cover (d) at each study area.  
 
 
The intercept in the MAM for Calluna cover was 1.048 and the estimate for the explanatory 
term of red deer dung density was –0.008 ± 0.001 (standard error) indicating the highly 
significant negative relationship (P < 0.001) between these variables (Figure 7.2). Rock cover 
also remained in the MAM with an estimate of –0.451 ± 0.113 and indicated a significant 
negative relationship (P < 0.001) with Calluna cover within quadrats. There was a 
significantly greater cover of Calluna in quadrats from the steepest gradient (estimate 0.379 ± 
0.181) compared to those approaching the horizontal in the same model (P = 0.039). This 
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model accounted for 41.3% of the variation in the data and had a reasonable goodness of fit 
with linearity in the normal errors and no obvious heteroscedasticity in the residuals. The 
MAM for ericoid height (with intercept 0.409) was similar in that the negative relationship 
with red deer dung density was highly significant (P < 0.001) with an estimate of –0.002 ± 
0.0004. There was a significant negative relationship with rock cover in this model and a 
significant interaction between location and altitude (P = 0.005) – in which ericoid height was 
much lower at altitudes above 450 m in the study area at Beinn Eighe. 
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Figure 7.2. The relationship between Calluna cover and red deer dung density. The 
anomalous high cover of Calluna at the highest red deer dung density was from a quadrat on 
a vertical slope which avoided red deer impact. (Percentage cover range on y-axis is 0–90%). 
 
There were no clear trends or differences in total cryptogam species diversity, dominance or 
Northern Atlantic liverwort dominance. Mean height of hepatic mat species within quadrats 
was significantly greater at Beinn Eighe and Liathach compared to Bealach a’ Chùirn and 
Doire Crionaich (P < 0.05) according to a priori orthogonal contrasts. As this response 
variable was auto-correlated with hepatic mat cover no further analysis was attempted for 
hepatic mat height. 
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Figure 7.3. The MAM for hepatic mat cover fitted to the relevant data for the relationship 
with red deer dung density (top) and Calluna cover (below). (Percentage cover range on y-
axis is 0–90%). 
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The intercept was 0.289 in the MAM for hepatic cover (Figure 7.3). There was a highly 
significant negative relationship (P < 0.001) between hepatic mat cover and red deer dung 
density (estimate –0.011 ± 0.003). The positive correlation between hepatic mat cover and 
Calluna cover (estimate 0.839 ± 0.258) was also significant (P = 0.002) in this MAM. There 
were significant quadratic functions (P < 0.05) for each of these explanatory variables 
remaining in the MAM. The model accounts for 49.2% of the variation in the data but there is 
slight curvature in the Normal error plot and a hint of heteroscedasticity in the variance-mean 
relationship. A similar outcome was achieved in the MAM for total cover of only the 
Northern Atlantic members of the hepatic mat, for which the intercept was 0.491. The 
estimate for the explanatory variable of red deer dung density was –0.013 ± 0.003 suggesting 
a significant negative relationship with Northern Atlantic liverwort cover (P < 0.001). There 
was also a significant positive relationship (P = 0.009) with Calluna cover (estimate 0.207 ± 
0.078. Location was an important main effect in this model. The a priori contrasts for 
location showed a significantly greater (P = 0.006) arcsine cover of Northern Atlantic 
liverworts at the Beinn Eighe and Liathach study areas compared to those at Letterewe 
(estimate 0.059 ± 0.021). One significant positive quadratic function remained in the model 
for red deer density (P = 0.047). This model accounted for 46.9% of the variation in the data 
but again goodness of fit was disappointing with some heteroscedasticity in the residual 
errors plot and slight curvature in the normal errors 
 
A highly significant positive relationship with Calluna cover (P < 0.001) is suggested by the 
MAM for Northern Atlantic liverwort diversity (estimate 0.543 ± 0.125) for which the 
intercept is –0.493 (Figure 7.4). Altitude is also an important explanatory term (P = 0.003) 
for Northern Atlantic liverwort diversity (estimate 0.002 ± 0.001). This simple model 
accounts for just 21.0% of the variation in the data and does not give the greatest goodness of 
fit. 
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Figure 7.4. The MAM for Northern Atlantic liverwort diversity is fitted to the relevant data 
for the relationship with Calluna cover (top) and altitude (below). 
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Figure 7.5 illustrates the MAM for Northern Atlantic liverwort species richness for which the 
intercept was 0.721. Location was a significant main effect and a  priori orthogonal contrasts 
demonstrate a significantly higher (P = 0.005) number of Northern Atlantic liverwort species 
in quadrats from Beinn Eighe and Liathach compared to those from Letterewe (estimate 
0.145 ± 0.051). There was no significant difference in Northern Atlantic species richness 
between Beinn Eighe and Liathach (P = 0.092) nor between Bealach a’ Chùirn and Doire 
Crionaich (P = 0.387). The MAM indicated that Calluna cover (estimate 0.689 ± 0.001) was 
a significant explanatory term (P < 0.001) and there was a highly significant negative 
relationship (P = 0.005) with red deer dung density (estimate 0.009 ± 0.003). The explanatory 
term altitude had been removed during the simplification process. This model accounted for 
32.4% of the variation in the data and there was an acceptable goodness of fit. 
 
Model simplification was carried out for the cover of the most frequent individual members 
of the Northern Atlantic component of the hepatic mat. Red deer dung density, Calluna cover 
and location were consistently important explanatory terms as shown in the MAM for 
Herbertus hutchinsiae (Figure 7.6) for which the intercept was –0.001. There was a highly 
significant (P < 0.001) negative relationship with red deer dung density (estimate –0.005 ± 
0.001) and a significant positive correlation (P = 0.009) with Calluna cover (estimate 0.726 ± 
0.271) for which there was also a significant quadratic function (P = 0.030). Location was a 
significant main effect and a posteriori orthogonal contrasts demonstrate a significantly 
greater (P < 0.001) abundance of H. hutchinsiae in quadrats from the study areas at Beinn 
Eighe, Doire Crionaich and Liathach compared to those from Bealach a’ Chùirn. There was 
no significant difference in the remaining two orthogonal contrasts. The MAM accounted for 
38.8% of the variation in the data. The normal errors were reasonably linear but there was 
serious heteroscedasticity in the variance-mean relationship. 
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Figure 7.5. The MAM for Northern Atlantic liverwort species richness is fitted to the relevant 
data for the relationship with red deer dung density (top) and Calluna cover (below). The 
upper curve in each graph represents data from quadrats in the Beinn Eighe and Liathach 
study areas and the lower curve is for those data from Letterewe. 
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Figure 7.6. The MAM for Herbertus hutchinsiae cover is fitted to the relevant data to show 
the relationship with red deer dung density (top) and Calluna cover (below). The lower curve 
in each graph represents data from quadrats in the Bealach a’ Chùirn study area and the upper 
curve is for those data from the other three locations. (Percentage cover range on y-axis is 0–
75%). 
 
Repeating the model simplifications with suitably transformed variables when necessary did 
not result in any improvement in the goodness of fit. However, the high significance of the 
main effects in the MAMs and the straightforward interpretations offered some consolation. 
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7.6 Discussion 
 
Calluna cover was an important explanatory variable in several models – being positively 
correlated with species richness, Shannon diversity and total cover of the Northern Atlantic 
component of the hepatic mat, total hepatic mat cover and abundance of individual species 
within the mat. The dwarf-shrub canopy amplifies the effect of a constant atmospheric 
humidity that is fundamental to the ecology of the Northern Atlantic hepatic mat (Hobbs 
1988). There was no significant difference in mean Calluna cover between study areas but 
the model suggests that Calluna cover is locally reduced within each study area – especially 
where red deer density was concentrated. This was particularly noticeable in those sample 
plots of oceanic heath that were in transition to grassland associated with the edges of 
existing patches of grassland. This edge effect is consistent with the literature since red deer 
are known to exert a greater impact on heather where it borders patches of grassland than 
elsewhere in a heathland (Clarke et al. 1995ab; Hester and Baillie 1998; Milne and Hartley 
2001; Gordon et al. 2004). Grassland is a poor habitat for the Northern Atlantic hepatic mat 
community (Ratcliffe 1968) with reduced humidity and no protection from extremes of 
temperature and insolation. However, there was a wide range of dung densities at each of the 
four study areas. Therefore, the Northern Atlantic mixed hepatic mat has continued to persist 
in parts of the oceanic heath less frequently used by red deer at all four study areas. 
 
There was a consistent pattern of decreasing cover of Northern Atlantic hepatic mat with 
increasing numbers of red deer at all four study areas. Higher dung counts at the most 
impacted sample plots clearly indicated those places in the study areas that were favoured by 
red deer. The model predicts a 50% lower hepatic mat cover within quadrats in sample plots 
where red deer dung density was 0.22 pellet groups m
-2
 compared to those quadrats occurring 
in sample plots where no dung was present. Calluna cover was half as abundant in quadrats 
at 0.3 red deer dung pellet groups m
-2
 within sample plots compared to those where there was 
no dung found. This is consistent with Grant et al. (1981) who showed that browsing by high 
densities of red deer in enclosures significantly reduced heather cover. Therefore, red deer are 
implicated in reducing dwarf-shrub cover locally in oceanic heath with cascading effects on 
the Northern Atlantic hepatic mat. Estimates of deer density based on single visit counts of 
dung pellet groups within small sample plots will be subject to a large margin for error and 
are thus not given. 
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An alternative argument is that red deer are seeking habitats where the Northern Atlantic 
hepatic mat is already absent or actively selecting against places where it is present. This 
theory does not explain those sample plots in which the hepatic mat was abundant below a 
canopy of Calluna apart from where it had been trampled out of existence by the regular 
passage of red deer. At other locations, the hepatic mat was present below one or two 
remnant patches of mature Calluna when the rest of what would have been suitable habitat 
had clearly been browsed to grassland. Quadrats landing on these surviving patches of 
hepatic mat within an otherwise severely grazed sample plot may account for the curvature in 
this model (Figure 7.3). A negative linear relationship between hepatic mat cover and red 
deer dung density (such as that seen in Figure 7.6) would more closely reflect reality based 
on anecdotal observations in the literature (Ratcliffe 1968; Blockeel 1995; Averis et al. 2000; 
Holyoak 2006; Long 2010). If these grass patches (with Calluna grazed low) were fenced off 
then evidence from elsewhere suggests that dwarf-shrub communities would come to 
dominate what was previously grassland (Milne et al. 1998) and create conditions for 
possible recolonisation of the hepatic mat from nearby. Nonetheless, manipulative 
experiments using enclosures of known deer density would be needed to confirm what the 
correlative data are suggesting. However, these would be expensive to implicate, cause 
severe damage to an important plant community and would have to be replicated. Enclosures 
on the north-facing slopes of rocky, mountainous terrain would be subject to damage by rock 
fall, confounded by changes in the snow regime and create access issues. 
 
An optimum cover of Calluna in the models for hepatic mat and H. hutchinsiae abundance 
accounts for those situations where the canopy became dense enough to exclude the ground 
layer. Growth of hepatic mat is known to favour the space between the dwarf-shrubs rather 
than immediately below them (Ratcliffe 1968). In some heavily grazed situations at the base 
of dripping crags, the extra shelter and humidity permits the survival of hepatic mat species 
without the need for a protective canopy of ericoid shrubs. This may explain why a few 
quadrats had higher than expected hepatic mat cover in the near-absence of Calluna. There 
were also several quadrats with lower than expected hepatic mat cover at very low deer 
densities. Random quadrat placement and the discontinuous nature of the hepatic mat meant 
that other species associated with oceanic heath were often dominant within a quadrat. Power 
analysis ensured a sufficient number of samples were taken at each study area in order to 
overcome this problem and discover genuine trends in the data. Caution is advised when 
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using these models since they only explain < 50% of the variation in the data and there 
should be no extrapolation beyond their limits. 
The negative relationship between species richness of the Northern Atlantic component of the 
hepatic mat and red deer dung density implies that the actual cover of this liverwort 
community does not become reduced collectively. Instead, increasing usage by red deer also 
leads to an impoverishment of species that comprise the hepatic mat. This is a likely response 
to a changed microhabitat following the removal of the Calluna cover by the activities of the 
herbivore. Since the influence of altitude had been removed during model simplification the 
lower number of species in quadrats from the study areas at Letterewe might have something 
to do with previous management regimes. This supports Averis (1992) who suggested that it 
would be worthwhile trying to correlate numbers of hepatic mat species against intensity of 
management using estate records across Scotland. However, this would not necessarily 
describe the condition or extent of the hepatic mat cover at each site and may be misleading. 
 
Main effects such as rock cover, gradient, and ericoid height were all removed during model-
simplification. Hobbs (1988) associated hepatic mat with a tall canopy of Calluna but there 
were several sample plots in the present study where the hepatic mat thrived beneath a rather 
low canopy of Calluna at higher altitudes and situations where a tall (but opened) ericoid 
layer had an impoverished ground flora due to recent trampling by red deer. Alternatively, 
ericoid height may have been confounded with the differences associated with location since 
it was taller at Beinn Eighe and Liathach compared to the Letterewe study areas. The 
presence of rocky terrain and boulder fields are probably more important at the landscape 
scale rather than in individual quadrats. Rocky situations and stabilised scree are known to 
confer enhanced humidity, shade and protection from fires and trampling by grazing animals 
(Ratcliffe 1968; Hobbs 1988). It was anticipated that steeper gradients might be less 
susceptible to trampling but hepatic mat was occasionally found in quadrats placed on flat 
ground amid block scree and so this explanatory variable was nullified. 
 
The significant positive relationship between altitude and Shannon diversity of the Northern 
Atlantic component of the hepatic mat is explained by the increasing presence of species that 
have more exacting requirements (Averis 1994). Species such as Anastrophyllum donnianum, 
Scapania nimbosa and S. ornithopodioides are better able to compete with other hepatic mat 
liverworts as temperatures become cooler with increasing altitude (Averis 1994). These 
species are more common in the hepatic mat associated with the H20c Bazzania tricrenata-
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Mylia taylorii sub-community of the Vaccinium myrtillus-Racomitrium lanuginosum heath 
(Rodwell 1991) that occurs at higher altitudes. The dataset only goes up to approximately 500 
m so it would be unwise to extrapolate beyond this point. The low amount of variation 
accounted for by this model suggests that there are other factors influencing diversity which 
were not measured in the field. 
 
North-facing slopes offer shelter to red deer from the stronger south-westerly winds (Fraser 
Darling 1937). Consequently, red deer can become concentrated at specific locations for 
periods of time. Milner et al. (2002) showed that red deer were not randomly distributed over 
any particular area at Letterewe because there was no relationship between habitat use and 
availability. The higher than expected red deer dung density at Liathach (where average deer 
density for the whole property is half that of Letterewe) might be explained in terms of the 
local Torridonian sandstone topography channelling deer passage through specific routes 
around and below cliffs. Here the difference in geology is confounding comparison of deer 
impact between different estates but it did serve to demonstrate what can happen to the 
habitat where deer numbers are locally higher at any one study area. 
 
There is a frequent turn-over of individuals in the dynamic hepatic mat community as it 
responds to changes in its habitat following rock-falls and hill-creep or tracking the growth 
phase of Calluna (Averis 1994). At sites where average deer densities for a property are low 
and oceanic heath vegetation is extensive like that at Beinn Eighe, the localised impacts of 
red deer activity contribute to the unstable nature of the mountain habitat in which the hepatic 
mat occurs. However, the data presented here suggest that high densities of red deer are a 
potential threat to the Northern Atlantic hepatic mat. Trampling by the regular passage of 
deer and a reduction in Calluna cover is inimical to this rare liverwort community. This 
conflicts with Moore et al. (In press) who demonstrated that an absence of red deer within an 
exclosure at Knoydart led to a reduction in liverworts associated with the hepatic mat. 
However, this was at sea level and birch regeneration was dense and rapid. Where the hepatic 
mat occurs on steep, north-facing, rocky slopes in the mountains, there is unlikely to be a 
threat from dense tree regeneration due to lack of a seed source and difficult growing 
conditions. Oceanic heath is thought to be self-perpetuating in these situations since Calluna 
is able to grow from adventitious roots without the need for grazing or burning management 
(Averis 1994). Our data support Rothero (2006) who suggested that a reduction in grazing of 
these dwarf-shrub communities would benefit liverworts associated with the Northern 
Atlantic hepatic mat. At sites where the hepatic mat has already been eradicated, no amount 
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of deer culling or subsequent regrowth of heather is going to bring it back naturally, due to 
the limited means of dispersal and establishment among its constituent species. 
 
Locally high numbers of red deer within areas of oceanic heath at four locations in the 
northwest Highlands are correlated with impoverishment of the Northern Atlantic hepatic 
mat. Direct trampling damage and browsing of Calluna by red deer are thought to be the 
cause of this relationship. Land-managers with an interest in conserving this internationally 
important liverwort community should consider the non-random distribution of red deer 
when deciding on a suitable average deer density for their property. Other management 
guidelines may be found in Rothero (2010). 
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8.1 Abstract 
Background: The effect of sheep grazing on the internationally important moss-heath 
community of the British uplands has been well studied but very little is known about 
the impact of red deer (Cervus elaphus). 
Aim: To compare the impact of different densities of red deer on bryophytes and 
lichens associated with moss-heath vegetation at Beinn Eighe National Nature 
Reserve (low deer density) and a traditional sporting estate at Letterewe (with higher 
deer density). 
Methods: Suitable pairs of summit sample areas were selected at random and species 
cover data were collected from thirty 1 m
2
 quadrats at each location. The dung pellet 
group count method was used to estimate red deer usage. Generalised linear models 
were fitted to the data. 
Results:  Mean graminoid cover was significantly higher in two of the Letterewe 
summit areas but bryophyte cover and height were not significantly different between 
any of the summit pairings. There was no significant difference in the cover of 
Racomitrium lanuginosum between any of the pairs of sample areas. 
Conclusions: Comparison with similar habitat at Beinn Eighe suggests that estimated 
mean densities of red deer at Letterewe are presently low enough not to be causing 
any significant impact to the summit moss-heath community. 
 
 
 
 
 
 
 
 
 
8.2 Key-words: Beinn Eighe, bryophyte, Cervus elaphus, graminoid, lichen, sheep 
grazing, summit vegetation 
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8.3 Introduction 
Britain’s U10 Carex bigelowii–Racomitrium lanuginosum moss-heath community (as 
described in the National Vegetation Classification after Rodwell 1992) is of international 
importance (Averis et al. 2004). This climax vegetation is extensive in the uplands of Britain 
(Averis et al. 2004) but is threatened in some areas by high densities of herbivores 
(Thompson et al. 1987; Ratcliffe and Thompson 1988; Rodwell 1992; Thompson and Brown 
1992; Thompson et al. 2001; Averis et al. 2004). Previous research into the impacts of 
grazing on the U10 moss-heath vegetation of summits has largely focused on the effects of 
sheep grazing (Van der Wal et al. 2003; Britton et al. 2005; Welch et al. 2005; Scott et al. 
2007; Pearce et al. 2010). In a study quantifying the grazing impacts associated with different 
herbivores on open hill habitats in upland Scotland, deer population density was not linked to 
any impact on montane grassland (Albon et al. 2007). Albon et al. (2007) scored impacts on a 
five-point scale based on a range of field indicators such as presence of dung, physical 
damage, sward height and structure, biomass removal and selectivity of grazing. However, no 
consideration was given to the implications for plant diversity/species richness, habitat 
condition and the consequences for biodiversity in general (Albon et al. 2007) and not to 
bryophytes and lichens in particular. 
This study assesses the impact of red deer (Cervus elaphus) on the bryophytes and terricolous 
lichens associated with the U10 moss-heath community on two neighbouring estates near 
Loch Maree in the northwest Highlands. Letterewe is a private estate managed primarily for 
sporting interests and Beinn Eighe National Nature Reserve (NNR) is managed for 
conservation by Scottish Natural Heritage. Differences in culling regimes have resulted in 
mean deer density being three times higher at Letterewe (ca. 9 red deer km
-2
) compared to 
Beinn Eighe (ca. ≤ 3 red deer km-2). This study comes at a time when numbers of red deer in 
Scotland have reached an estimated 350,000 based on data given in Warren (2009) and 
knowledge of their impact on summit vegetation is essential to assist with management 
decisions. 
Graminoids and grazing-resistant dicotyledons are favoured at the expense of bryophytes and 
lichens as a result of heavy grazing on the U10 moss-heath community (Rodwell 1992; 
Averis et al. 2004). Van der Wal (2006) cites evidence for three mechanisms by which 
herbivores may promote graminoid growth in moss-dominated ecosystems: 1) graminoids are 
tolerant to grazing since they grow back quickly from a basal meristem; 2) urine and faecal 
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deposition increases soil nutrient status that favours the growth of grasses; and 3) disturbance 
through trampling of the moss layer, over soils prone to permafrost, allows soils to warm up 
more quickly allowing more efficient nutrient uptake by grasses. It is argued that moss-
dominated ecosystems are driven towards those dominated by graminoids through all three 
mechanisms operating collectively (Van der Wal and Brooker 2004). Degradation of the U10 
moss-heath community was compounded by an interaction between sheep grazing and 
atmospheric nitrogen deposition in a Scottish montane ecosystem (Van der Wal et al. 2003). 
Nitrogen deposition has a direct toxic effect on R. lanuginosum and a fertilization effect on 
graminoid growth which then shades out the moss layer and attracts herbivores, resulting in 
further damage to the moss layer by trampling (Van der Wal et al. 2003). Britton et al. (2005) 
presented evidence from the Carneddau plateau in North Wales that matched the decline in 
Racomitrium heaths to an increase in atmospheric nitrogen deposition and an increase in 
sheep numbers over a period of 40 years. The improved shelter provided by the lee-side of a 
20 year-old snow-fence in U10 vegetation at Glas Maol encouraged a greater usage by sheep 
which has been linked to an increase in grass cover and subsequent reduction in R. 
lanuginosum (Welch et al. 2005; Scott et al. 2007). However, contact with pollutants was 
prolonged at this site by the increased snow-lie and this has resulted in high levels of nitrogen 
deposition during snow melt which exacerbated the loss of R. lanuginosum (Scott et al. 
2007). Britton et al. (2009) recognised that change in species composition of these 
communities is the result of an interaction between many driving forces. 
Loch Maree is within an area of low nitrogen-loading according to figures cited in Mitchell et 
al. (2005) and there has been no grazing by sheep at Letterewe or Beinn Eighe for over 30 
years (Averis and Averis 1998; Milner et al. 2002). Therefore, the main driver of change that 
has differed between the two estates is red deer density (assuming that there is little 
difference in climate on either side of Loch Maree). It was hypothesised that higher numbers 
of red deer on the Letterewe estate would be affecting bryophyte and lichen communities, 
associated with the U10 moss-heath community, to a greater extent than in comparable 
habitats in the Beinn Eighe NNR through their grazing, trampling and dunging activity. 
 
 
 
193 
 
8.4 Method 
Site description 
Beinn Eighe NNR is located south of Loch Maree, Wester Ross and is managed for its 
conservation interest by Scottish Natural Heritage. A sustained programme of intensive 
culling at Beinn Eighe over the last two decades has reduced numbers of red deer to a level 
that is encouraging natural regeneration of native pine woodland (Eoghain Maclean pers. 
comm.). For this to occur, red deer density must be ca. ≤ 3 km-2 (similar to the numbers 
reported for the beginning of the 21
st
 century) according to Laughton Johnston and Balharry 
(2001). Letterewe Estate is north of Loch Maree and there has been a mean annual density of 
ca. 8-14.5 red deer km
-2
 during the last decade (Milner et al. 2002; Stephen Miller pers. 
comm 2011). Caution is advised regarding these estimates of deer density since getting an 
accurate count of red deer in rugged terrain is difficult (Daniels 2006). 
The Loch Maree area is subject to an oceanic climate with temperatures in the range 3–4oC 
(mean winter) and 11–12oC (mean summer) and receives ≥ 1 mm rain on > 220 wet days per 
year based on figures for the 30-year period 1981–2010 (Metereological Office 2013). Mean 
nitrogen deposition on the summits in Beinn Eighe NNR was higher at 7.98 kg ha
-1
 year
-1
 
compared to values between 5.18 kg ha
-1
 year
-1
 and 6.3 kg ha
-1
 year
-1
 given for the Letterewe 
summits (Air Pollution Information System 2013). These figures are based on averages for 
the three-year period 2009–2011. They come with large uncertainties and only have a 5 km 
resolution (Air Pollution Information System). The siliceous rock known as hornblende schist 
(British Geological Survey 1962) comprises the bedrock of the main summits of the 
Letterewe Forest study area (Beinn Airigh Charr NG9376, Beinn Lair NG9873 and Sgùrr 
Dubh NG9872). Of the comparable field sites at Beinn Eighe, the summit of Meall a’ 
Ghuithais (NG9763) is made up of Torridonian sandstone and Cὸinneach Mhὸr (NG9560) is 
underlain by quartzite. 
The gently sloping and northwest face of the Beinn Lair (859 m) summit area was compared 
with similar terrain on Meall a’ Ghuithais (887 m). The summit plateaux of Sgùrr Dubh (808 
m) and Meall a’ Ghuithais were also paired. The U10 moss heath community is very exposed 
at these locations and the vegetation is sparse, amid wind-blasted ground, littered with rocks. 
The species-poor variant of the U10c Silene acaulis sub-community (Rodwell 1992) 
describes this vegetation although the characteristic lichens suggestive of the U10b Typical 
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sub-community were frequent. The U10b Typical sub-community (Rodwell 1992) is well 
represented on the southeast facing slopes of Beinn Airigh Charr (792 m) and Cὸinneach 
Mhὸr (956 m). The vegetation within the sample areas on these summits was dominated by a 
thick blanket of Racomitrium lanuginosum and characteristic lichens such as Cladonia 
uncialis ssp. biuncialis and Cetraria islandica were frequent. 
Procedure 
Potential montane study sites of 20000 m
2
 area were identified at Letterewe and Beinn Eighe. 
These were paired as far as possible on the basis of similar gradient, aspect, altitude and sub-
community of the U10 Carex bigelowii–Racomitrium lanuginosum moss-heath. Three pairs 
of sites were then selected at random. Thirty 1 m
2
 quadrats were placed by means of random 
grid references in each study area. A GARMIN eTrex Legend GPS device was used to locate 
quadrat positions. A 7 m x 7 m sample plot was marked out with tape measures taking the 1 
m
2
 quadrat position as the centre. The red deer dung pellet groups inside this sample plot 
were counted, to gain an index of mean red deer usage within the summit sample area, in line 
with a similar method described by Mayle et al. (1999). An estimate of red deer density could 
then be calculated. Fieldwork was carried out in early summer 2012. 
 
A grid with squares of 0.01 m
2
 in area was used to visually determine the percentage cover of 
each bryophyte and lichen taxon within each 1 m
2
 quadrat. Total graminoid cover and the 
percentage rock/bare ground cover within each 1 m
2
 quadrat were also estimated. Mean 
vegetation height inside each quadrat was determined from ten measurements with a metre 
rule at regular intervals along a pre-determined diagonal. Mean bryophyte height was 
established in a similar fashion. 
 
Nomenclature follows Hill et al. (2008) for bryophytes, Macdonald and Barrett (1993) for 
mammals, Smith et al. (2009) for lichens and Stace (2010) for vascular plants. 
 
Analysis 
Deer density for each 49 m
2
 area was determined using the dung pellet group count–deer 
density graph shown in De Nahlik (1992). Defaecation rate was assumed to be 25 dung pellet 
groups day
-1
 and a decay rate of between 6 and 12 months (based on observations of dung on 
the summit of Beinn Lair) gave an estimate of deer numbers using each summit. Bryophyte 
and lichen dominance was calculated by dividing the bryophyte or lichen with the greatest 
cover within a quadrat by the total bryophyte or lichen cover for that quadrat. The evenness 
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of species cover within each quadrat was calculated using the Shannon diversity index. 
Arcsine transformation of the percentage cover data was carried out prior to fitting a linear 
model to the data (units in radians) in R version 2.11.1 (R Development Team 2010) using 
location as the explanatory variable. The null hypothesis is that there was no significant 
difference in bryophyte, lichen or graminoid cover between the comparable summit study 
areas at Letterewe and Beinn Eighe. Bryophyte and lichen dominance and Shannon diversity, 
deer density, bryophyte and sward height were also analysed using a linear model. 
Bryophyte and lichen species richness were analysed using a generalised linear model. The 
non-constant variance associated with count data was dealt with by specifying a Poisson error 
structure and the log-link function was used to transform the response variable. 
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8.5 Results 
Mean red deer density was not consistently higher at each of the Letterewe summit sample 
areas compared to those on Beinn Eighe as might have been expected. There was a 
significantly higher red deer density (P = 0.009) in the summit sample area at Sgùrr Dubh 
(0.6 km
-2) compared to Meall a’ Ghiuthais (0.0 km-2) and the standard error of the difference 
between means (SE) was ± 0.2. However, mean red deer density was not significantly 
different (P = 1.000) between the northwest-facing summit sample areas of Beinn Lair (0.1 
km
-2) and Meall a’Ghiuthais (0.1 km-2) with SE ± 0.1. There was a mean of 1.4 red deer km-2 
at Beinn Airigh Charr compared to 2.8 red deer km
-2
 in the sample area at Cὸinneach Mhὸr. 
This was not statistically significant (P = 0.060) since the SE ± 0.73 was high. These 
estimates of red deer density have a precision of > 20% since far fewer than 100 faecal pellet 
groups were counted in total from plots within each sample area (Mayle et al. 1999). 
Mean graminoid cover was generally higher in the summit sample areas at Letterewe 
compared to Beinn Eighe – significantly so for the Beinn Lair (P < 0.001) and Sgùrr Dubh (P 
= 0.025) summits compared to their Meall a’ Ghiuthais counterparts (Figure 8.1a). Mean 
sward height was significantly higher in the Beinn Eighe sample areas on the northwest face 
of Meall a’ Ghiuthais (P < 0.001) and the southeast face of Cὸinneach Mhὸr (P = 0.001) 
compared to the corresponding Letterewe sample areas (Figure 8.1b). There was an enforced 
delay of one week in surveying the northwest-facing sample area of Meall a’ Ghiuthais after 
Beinn Lair. The Cὸinneach Mhὸr sample area was also visited a week after Beinn Airigh 
Charr had been sampled so increased growing-time also confounds these data. There was no 
significant difference in mean sward height between the Sgùrr Dubh and Meall a’ Ghiuthais 
plateaux where it had been possible to carry out fieldwork on consecutive days. 
There was a significantly greater mean lichen cover for two of the Letterewe summits – 
Beinn Lair (P = 0.014) and Sgùrr Dubh (P < 0.001) – but there was no significant difference 
between the Beinn Airigh Charr and Cὸinneach Mhὸr sample areas (Figure 8.1c). No general 
pattern for Beinn Eighe and Letterewe was seen in the mean log lichen species richness data 
(Figure 8.1d). There was a significantly higher (P = 0.002) mean log lichen species richness 
for the northwest-facing summit sample area of Meall a’ Ghiuthais compared to Beinn Lair. 
However, mean log lichen species richness was significantly higher (P = 0.004) at Sgùrr 
Dubh compared to the plateau of Meall a’ Ghuithais. The Beinn Airigh Charr and Cὸinneach 
Mhὸr sample areas shared almost identical mean log lichen species richness values with no 
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significant difference. Other than a significantly higher mean lichen diversity (P < 0.001) and 
lower mean lichen dominance (P < 0.001) in the northwest-facing summit sample area of 
Meall a’ Ghiuthais compared to Beinn Lair, there were no other significant differences in 
these response variables between the Beinn Eighe and Letterewe sample areas (Table 8.1). 
There was no significant difference in mean bryophyte height or cover between any of the 
summit sample areas of Beinn Eighe and Letterewe (Table 8.2). Differences in geology and 
altitude might account for the significantly greater bryophyte diversity and species richness 
(but lower bryophyte dominance) within the Cὸinneach Mhὸr sample area compared to that 
on Beinn Airigh Charr (Table 8.2). The rock has weathered to a fine-gravel on the summit of 
Cὸinneach Mhὸr which is better suited for moisture retention and the higher altitude is likely 
to receive increased precipitation. This has been beneficial to moss species such as Hypnum 
callichroum, Rhytidiadelphus loreus and Hylocomium splendens (see Appendix L) and has 
influenced the diversity calculations. There was no significant difference in bryophyte 
diversity, dominance or species richness between the other two summit pairings (Table 8.2). 
Rock/bare ground cover was also not significantly different between any of the summit 
pairings. 
Racomitrium lanuginosum was the dominant bryophyte within quadrats at all six locations 
and there was no significant difference in the cover of this moss between any of the pairs of 
summit sample areas (Table 8.3). The mean cover of Cetraria islandica was not significantly 
different between any of the Beinn Eighe and Letterewe summit pairings. Some lichen 
species such as Ochrolechia tartarea and Stereocaulon vesuvianum were much more 
abundant within the Letterewe summit areas at Beinn Lair and Sgùrr Dubh compared to those 
at Beinn Eighe (Table 8.3). However, this is more likely a response to differences in geology 
rather than anything to do with red deer numbers. For example, Stereocaulon vesuvianum 
favours siliceous rock with a high metal content (Dobson 2011). Other lichens associated 
with the moss-heath vegetation such as Alectoria nigricans and Thamnolia vermicularis were 
too uncommon to permit analysis. 
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Figure 8.1. A comparison of the mean arcsine graminoid cover (a), mean sward height (b), 
mean lichen cover (c) and mean log lichen species richness (d) between pairs of summit 
sample areas at Beinn Eighe and Letterewe following analysis of data in a linear model (n = 
60). The Standard Error is for the difference between means. 
Summit pairing A –Meall a’ Ghiuthais and Beinn Lair (northwest-facing aspect) 
Summit pairing B –Cὸinneach Mhὸr and Beinn Airigh Charr (southeast-facing aspect) 
Summit pairing C –Meall a’ Ghiuthais and Sgùrr Dubh (summit plateau) 
Beinn Eighe Beinn Eighe Letterewe Letterewe 
Beinn Eighe Beinn Eighe Letterewe Letterewe 
Summit 
pairing 
a b 
c d 
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Table 8.1. Mean values of lichen diversity and dominance between comparable summit sample areas 
at Beinn Eighe and Letterewe following analysis of data in a linear model (n = 60). The Standard 
Error is for the difference between means. Significant P values are in bold type. 
 
 Mean values 
Species Difference Beinn Eighe Letterewe Standard Error P value 
 
Summit pairing A 
Lichen diversity – 1.438 0.921 0.096 < 0.001 
Lichen dominance + 0.413 0.648 0.039 < 0.001 
Summit pairing B 
Lichen diversity + 0.966 0.978 0.139 0.930 
Lichen dominance – 0.603 0.571 0.071 0.651 
Summit pairing C 
Lichen diversity + 1.106 1.303 0.133 0.145 
Lichen dominance + 0.456 0.504 0.057 0.401 
 
Summit pairing A –Meall a’ Ghiuthais and Beinn Lair (northwest-facing aspect) 
Summit pairing B –Cὸinneach Mhὸr and Beinn Airigh Charr (southeast-facing aspect) 
Summit pairing C –Meall a’ Ghiuthais and Sgùrr Dubh (summit plateau) 
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Table 8.2. Mean measures of bryophyte diversity between comparable summit sample areas at Beinn 
Eighe and Letterewe following analysis of data in a linear model (n = 60). The Standard Error is for 
the difference between means. Significant P values are in bold type. 
 
 Mean values 
Response variable Difference Beinn Eighe Letterewe Standard Error P value 
 
Summit pairing A 
Bryophyte cover (radians) – 0.594 0.491 0.075 0.172 
Bryophyte diversity + 0.328 0.360 0.071 0.661 
Bryophyte dominance – 0.914 0.908 0.025 0.802 
Log bryophyte species richness – 1.60 1.548 0.483 0.629 
Bryophyte height (metres) – 0.014 0.011 0.003 0.327 
Summit pairing B 
Bryophyte cover (radians) – 1.053 1.026 0.064 0.671 
Bryophyte diversity – 0.332 0.131 0.062 0.002 
Bryophyte dominance + 0.919 0.969 0.018 0.009 
Log bryophyte species richness – 1.787 1.378 0.118 < 0.001 
Bryophyte height (metres) – 0.040 0.037 0.004 0.452 
Summit pairing C 
Bryophyte cover (radians) – 0.471 0.418 0.059 0.369 
Bryophyte diversity – 0.279 0.250 0.058 0.613 
Bryophyte dominance – 0.926 0.934 0.019 0.641 
Log bryophyte species richness – 1.184 1.289 0.139 0.445 
Bryophyte height (metres) – 0.007 0.006 0.001 0.718 
 
Summit pairing A –Meall a’ Ghiuthais and Beinn Lair (northwest-facing aspect) 
Summit pairing B –Cὸinneach Mhὸr and Beinn Airigh Charr (southeast-facing aspect) 
Summit pairing C –Meall a’ Ghiuthais and Sgùrr Dubh (summit plateau) 
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Table 8.3. Mean arcsine cover values of selected bryophyte and lichen species between comparable summit 
sample areas at Beinn Eighe and Letterewe following analysis of data in a linear model (n = 60). The Standard 
Error is for the difference between means. Significant t values are in bold type. (Percentage cover values are in 
brackets). 
 
     Mean arcsine cover (radians) 
Species Difference Beinn Eighe Letterewe Standard Error P value 
 
Summit pairing A 
Cetraria islandica – 0.030 0.022 0.009 0.335 
Cladonia uncialis ssp. biuncialis – 0.052 (0.3%) 0.029 (0.1%) 0.009 0.009 
Ochrolechia tartarea + 0.026 (<0.1%) 0.071 (0.5%) 0.013 0.001 
Racomitrium lanuginosum – 0.652 0.543 0.078 0.167 
Stereocaulon vesuvianum + 0.013 (<0.1%) 0.134 (1.7%) 0.012 < 0.001 
Summit pairing B 
Cetraria islandica – 0.048 0.047 0.008 0.910 
Cladonia uncialis ssp. biuncialis – 0.040 0.033 0.006 0.223 
Racomitrium lanuginosum + 1.179 1.205 0.066 0.691 
Summit pairing C 
Cetraria islandica – 0.007 0.004 0.003 0.321 
Cladonia uncialis ssp. biuncialis – 0.025 0.023 0.006 0.711 
Ochrolechia tartarea + 0.008 (<0.1%) 0.073 (0.5%) 0.007 < 0.001 
Racomitrium lanuginosum – 0.466 0.414 0.058 0.378 
Stereocaulon vesuvianum + 0.000 (0%) 0.062 (0.4%) 0.009 < 0.001 
 
Summit pairing A –Meall a’ Ghiuthais and Beinn Lair (northwest-facing aspect) 
Summit pairing B –Cὸinneach Mhὸr and Beinn Airigh Charr (southeast-facing aspect) 
Summit pairing C –Meall a’ Ghiuthais and Sgùrr Dubh (summit plateau) 
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8.6 Discussion 
The estimated mean red deer density for the whole property was three times higher at 
Letterewe than on Beinn Eighe but there were twice as many deer using the Cὸinneach Mhὸr 
sample area compared to that on Beinn Airigh Charr. This demonstrates the difficulty of 
managing numbers of red deer since favoured sites will have a high localised density of this 
herbivore, almost independent of the overall average density. The cover and depth of the 
Racomitrium lanuginosum in the summit moss-heath vegetation was not affected by these 
differences in deer-usage. However, estimates of mean red deer density (based on the 
standing crop of dung pellet groups) were found to be very low on the summit areas in this 
study – a finding in itself. Therefore, impacts were unsurprisingly minimal on the summit 
heath vegetation compared to the effects of high densities of sheep seen elsewhere where 
grazing and nitrogen deposition have compounded the degradation of the U10 moss-heath 
community (Van der Wal et al. 2003; Britton et al. 2005). The stocking ratio of sheep was 
much higher in these studies, for example numbers of sheep peaked at the equivalent of 500-
600 km
-2
 on the Carneddau early in the 21
st
 century (B. Jones pers. obs. cited in Pearce et al. 
2010). Nonetheless, the Beinn Lair and Sgùrr Dubh sample areas had a significantly greater 
graminoid cover than their Beinn Eighe counterparts which is consistent with the mechanisms 
described in Van der Wal and Brooker (2004) and Van der Wal (2006). 
Jones et al. (2002) showed that growth of R. lanuginosum generally benefitted from the 
presence of Festuca ovina in laboratory experiments looking at the interaction with different 
nitrogen loads. The increased humidity around the grass was thought to increase the amount 
of time available for photosynthesis in this moss (Jones et al. 2002). This could be why R. 
lanuginosum cover had not diminished at the Letterewe summit sample areas despite the 
significantly higher graminoid cover. However, Jones et al. (2002) caution that their study 
was short-term and only dealt with small quantities of moss in a laboratory situation. Other 
studies have shown that graminoids out-compete R. lanuginosum within moss-heath 
vegetation as a result of grazing and nitrogen-enrichment (Pearce and Van der Wal 2002; Van 
der Wal et al. 2003). The high wind speeds associated with some open summits are thought to 
suppress the colonisation of these areas by higher plants but are not disadvantageous to 
bryophytes, which exist in an altogether different microclimate (Britton et al. 2009). This is 
another possible explanation for why R. lanuginosum has not been replaced by graminoids in 
the most exposed summit sample areas at Letterewe. 
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Degraded areas of summit moss-heath are characterised by a low and fragmentary cover of R. 
lanuginosum and plenty of bare ground brought about by trampling (Britton et al. 2005; 
Pearce et al. 2010). The U10b vegetation at Cὸinneach Mhὸr and Beinn Airigh Charr was 
dominated by a thick blanket of R. lanuginosum and there was no evidence of trampling 
damage in the sample areas. This is encouraging since Racomitrium lanuginosum is thought 
to have a positive density-dependence for growth (Pearce et al. 2010). Photosynthesis can 
only occur when the moss is wet so being part of a continuous moss-carpet reduces 
desiccation and permits a longer growing period (Pearce et al. 2010). The vegetation at Beinn 
Lair, Meall a’ Ghiuthais and Sgùrr Dubh was of the open, stonier U10c Silene sub-
community with scattered and thin cover of R. lanuginosum. This is a result of wind-
exposure, freeze-thaw weathering and solifluction rather than the low density of red deer 
usage. Rodwell (1992) describes how the moss-heath community is particularly diminished 
where exposure is the most extreme, over the high plateaus in the northwest Highlands. 
Damage to fruticose lichens such as Stereocaulon vesuvianum would have been expected had 
there been regular trampling but this was not observed. 
Stereocaulon vesuvianum, Ochrolechia tartarea and Sphaerophorus globosus contributed to 
the greater total lichen cover at Beinn Lair and Sgùrr Dubh and their presence may have 
reduced the available space for other terricolous lichens. This might account for the reduced 
lichen species richness and significantly lower cover of Cladonia uncialis ssp. biuncialis at 
Beinn Lair. The difference in estimated density of red deer at Letterewe and Beinn Eighe was 
not thought to be responsible for these findings. This is supported by the lack of significant 
difference in any of the measures of lichen diversity between the Cὸinneach Mhὸr and Beinn 
Airigh Charr sample areas. 
Britton et al. (2005) and Pearce et al. (2010) made use of natural obstacles on the Carneddau 
plateau, such as an area of blocky-scree that deterred sheep from grazing areas of moss-heath, 
to compare similar habitat in the same proximity that was accessible to sheep. This was not 
possible at Beinn Eighe and Letterewe. Therefore, despite efforts to match up comparable 
sites in terms of their aspect, gradient and vegetation, it is accepted that confounding factors 
such as differences in geology, latitude, altitude, nitrogen-loading and climate between the 
Beinn Eighe and Letterewe summits remain. Suitable sites with similar characteristics were 
limited and conclusions are drawn from just three summit sample-area pairings. Any 
extrapolation is restricted to summits in the study area. 
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Pollution can have a direct negative effect on lichen growth (Nash and Gries 1995; Jones et 
al. 2002). It also reduces terricolous lichen cover indirectly by encouraging competition from 
higher plants in response to nitrogen enrichment for example (Britton et al. 2009). Loss of R. 
lanuginosum is likely to result from even low increments of nitrogen deposition (Pearce and 
Van der Wal 2002). The critical load for nitrogen deposition on montane summits is 5–10 kg 
ha
-1
 year
-1
 (Bobbink et al. 2011). This is already a concern for summits in the Loch Maree 
area, and Beinn Eighe in particular. Lichen diversity is also sensitive to changes in climate 
(Britton et al. 2009) which will be influenced by latitude and altitude. However, if red deer 
impact had occurred, evidence of trampling, dunging and breaking up of the moss-carpet 
would still have been manifest within the sample areas. Estimated numbers of red deer at 
Letterewe are presently low enough not to be causing any significant impact to the U10 
Carex bigelowii–Racomitrium lanuginosum moss-heath community, when contrasted with 
comparable habitat in Beinn Eighe NNR. 
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9.1 Abstract 
Background: Deer exclosures are often used to encourage woodland regeneration in 
the Scottish Highlands. However, dense sapling growth (in the absence of Cervus 
elaphus) within exclosures could pose a threat to internationally important lichen 
communities on mature oaks in open woodland. 
Aims: To compare cryptogam communities associated with the lower trunks of 
Quercus x rosacea from several blocks, inside and outside three exclosures, in 
Atlantic oak woodland north of Loch Maree, Wester Ross. 
Methods: Epiphyte cover data were collected from three different height zones on 
both the north and south aspects of oak trees. Terrestrial cryptogam communities, 
sapling density, shrub cover and height were also compared. Data were analysed 
using linear mixed effects models. 
Results: Mean Lobarion lichen cover and species richness were significantly lower on 
both aspects of oak trees within exclosures in quadrats from more than one zone. 
Sapling density, dwarf-shrub height and cover were significantly greater within 
exclosures. Terrestrial cryptogam diversity and species richness were significantly 
lower inside exclosures. 
Conclusions: The data suggest that increased shading by saplings around mature 
oaks in open woodland has had a detrimental effect on Lobarion lichens after 17-22 
years of exclosure. Alternative strategies for encouraging woodland regeneration 
without harming the Lobarion lichen community are discussed. 
 
 
 
 
 
 
9.2 Key-words: Cervus elaphus, epiphyte, exclosures, Lobarion lichen, natural regeneration, 
sapling density, species richness, woodland management 
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9.3 Introduction 
Sources of data cited in Warren (2009) suggest that there has been a two-fold increase to ca. 
350,000 red deer (Cervus elaphus) in Scotland since the 1960’s. Milder winters, warmer 
summers and a reduction in sheep stocks since the 1970s are thought to be the main reasons 
for this population increase (Clutton-Brock et al. 2004). Historical records suggest that deer 
numbers in the Scottish Highlands have never been higher (MacMillan and Leitch 2008). 
Lack of regeneration in upland woodlands due to excessive browsing of seedlings by red deer 
and sheep is well known (Gordon 1925; Fraser Darling 1937; 1955; Putman 1994; Staines et 
al. 1995; Milner et al. 2002; Hunt 2003) and grazing by deer is one of the main threats to 
Atlantic oak woodland in western Europe (The UK Biodiversity Steering Group 1995). 
Therefore, woodland regeneration is unlikely in areas of high deer density without the use of 
exclosures (Warren 2009). This has implications for important bryophyte and lichen 
communities associated with Atlantic oak woodland. 
Fuller and Gill (2001) cite several studies that make use of exclosures to show how 
increasing numbers of deer within woodlands are affecting different taxa, but none of these 
considered cryptogams. This investigation set out to examine how an absence of red deer 
(from exclosed areas of Atlantic oak woodland at neighbouring estates in Wester Ross) 
affects epiphytic and terricolous cryptogams with particular emphasis on lichen species 
associated with the Lobarion pulmonariae alliance (James et al., 1977). This lichen 
community has suffered big declines elsewhere in Europe (Rose, 1988; 1992; Bates, 1992) 
where it continues to decline (Coppins and Coppins, 2012). Therefore, Scotland has an 
international responsibility for most of the lichens associated with the Lobarion (Woods and 
Coppins, 2012). The impact of red deer management on the Lobarion in oak woodland has 
not previously been quantified. 
The Lobarion is composed of large foliose lichens such as those belonging to the genera 
Degelia, Lobaria, Nephroma, Pannaria and Sticta. Bryophytes such as Antitrichia 
curtipendula, Homalothecium sericeum, Isothecium myosuroides, Pterogonium gracile and 
Zygodon rupestris may also be present (James et al. 1977) but none are entirely faithful to 
this community. The Lobarion pulmonariae was once widespread in natural woodland 
throughout Britain and Europe (Rose 1992; Wolseley and James 2000) occurring on mature 
hardwood trees with barks of pH 5.0–6.0 (James et al. 1977). However, a number of factors 
have narrowed its range in Europe and many of its component species now attain their 
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greatest abundance in western Scotland (Bates 1992). Air pollution has been a major problem 
for many species associated with the Lobarion since the Industrial Revolution due to 
acidification of the bark environment (Gilbert 1986; 2000; Looney and James 1988; Farmer 
et al. 1991; 1992; Bates 1992; Gauslaa 1995), sensitivity to sulphur dioxide pollution (Gilbert 
1970; Looney and James 1988) and nitrogen enrichment (Wolseley and James 2000; Church 
et al. 1996). However, habitat loss has contributed most to the decline of the Lobarion in 
Europe (Rose 1976; 1992) and death of the phorophyte is the main cause for the demise of 
late-successional epiphytic lichens (Scheidegger and Werth 2009). Availability of suitable 
substrates is essential for colonisation by new propagules of relatively short-lived 
components of the Lobarion such as Lobaria scrobiculata (Wolesley and James 2000). This 
species became extinct at many of its known southern Swedish sites due to changes in the 
environmental conditions and lack of continuity of habitat (Hallingbäck 1989). As mature 
trees get blown over and die, lichen species with limited means of dispersal go with them 
unless there is new-growth old enough for successful colonisation. 
Exclosures were established at Letterewe to facilitate the long-term survival of the woodland 
since there has been no oak regeneration for 150 years (MacKenzie 1992). The Lobarion at 
Letterewe and Ardlair would be compromised without a continuation of the woodland habitat 
but total exclusion of grazing can lead to a period of excessive shading from rapid and dense 
regeneration of trees and shrubs (Coppins 2003). Lichen communities that have developed on 
the lower trunks of mature trees growing in open conditions for centuries are particularly 
threatened by this dense regeneration (Coppins 2001; 2003). The long-standing woodland 
exclosures north of Loch Maree, Wester Ross provide an opportunity to examine how the 
epiphytic cryptogam communities on oak are responding to a long absence of red deer. 
There is a vertical and horizontal zonation in the distribution of epiphytes caused by the wide 
range in temperature, humidity and light conditions that characterise the tree bark habitat 
(Barkman, 1958; Bates, 1992; Vanderpoorten and Goffinet, 2009). Light, temperature and 
humidity all vary along a gradient from the base of a tree to the canopy. In northwest Europe, 
the southeast aspect of the trunk is driest due to wind exposure and the northwest aspect is 
wettest because it receives most precipitation combined with low insolation (Barkman, 1958).  
Light strongly influences the distribution of epiphytes subject to the very humid and cloudy 
climates of northwest Scotland (Barkman, 1958). The lower trunk may be covered by 
bryophytes under these conditions with lichens only occurring higher up the trunk and in the 
main boughs (Rose, 1974). In less humid forest situations, lichens tend to dominate the south 
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and southwest aspects and bryophytes assume dominance of the north and northeast aspects 
(Rose, 1974). 
The physical and chemical factors that directly influence epiphytic cryptogams are only 
summarised here but discussed in detail by Barkman (1958). Chemical factors, such as the 
nutrient composition and acidity of the bark, may be controlled for by sampling from the 
same species of tree from woodland occurring on a similar soil type. Sampling the epiphytic 
communities solely of oak trees of approximately the same age minimises the confounding 
effects of bark texture, hardness, colour and water-holding capacity. The Atlantic Oak 
woodland study areas were all on a south-facing slope, north of Loch Maree, which meant 
that the trees all experience the same macroclimate and therefore the same amount of rainfall. 
Fortunately, most of the oaks at Letterewe tend to be vertical which gets over the problem of 
altered water regimes associated with trees of different inclinations (Barkman, 1958; Bates, 
1992). Atmospheric pollution in the Loch Maree area is low (Mitchell et al., 2005) and the 
sampling design takes into account local differences. 
Atmospheric humidity is higher in woodland that has a well-developed shrub, field and 
ground layer because of the combined evapotranspiration and wind-brake capacity which is 
conducive to a rich growth of epiphytes (Barkman, 1958). The increased shade also lowers 
the temperature below the canopy keeping the soil moist for longer. Therefore, large numbers 
of red deer in woodland are capable of indirectly affecting epiphyte communities by 
preventing the development of a healthy shrub layer and modifying the humidity regime 
within woodland. 
Vertical zonation of epiphytic cryptogams is thought to be lowered in woodland that has long 
been subject to heavy grazing by domestic stock (Averis, 2001). Hence, species are restricted 
to habitats so close to the ground they may be engulfed by taller vegetation when grazing is 
removed (Averis, 2001). It was hypothesised that lichens lower down the trunk would be 
more prone to competition from bryophytes as humidity and shade increases with a 
developing shrub-layer when red deer are excluded. Whilst bryophytes in the Lobarion 
community are thought to maintain moist conditions on a corticolous habitat, an increase in 
species such as Isothecium myosuroides and Frullania tamarisci on trees within shaded 
woodland is thought to be detrimental to the establishment of Lobaria spp. (Wolseley and 
James, 2000). Therefore, a long absence of red deer within the exclosures at Letterewe was 
expected to have caused a reduction in lichens associated with the Lobarion on oak trees as a 
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result of excessive shading from dense growth of saplings and increased abundance of 
common epiphytic bryophytes. Total exclusion of large herbivores is as unnatural as over-
grazing and can lead to dense tree regeneration, shrub and field-layer development (Kirby et 
al., 1994) which is thought to be detrimental to terricolous cryptogam cover and diversity 
(Mitchell and Kirby, 1990; Rodwell, 1991). These predictions are based on anecdotal 
evidence concerning the effects of domestic stock and deer. It is hoped that the data presented 
here will contribute to understanding how red deer exclusion might impact on epiphytic and 
terricolous cryptogam communities in Atlantic oak woodland.  
 
9.4 Method 
Site description 
One of the most northerly remnant Atlantic oak woodlands in the British Isles occurs along 
the northern shore of Loch Maree, Wester Ross (McVean 1964). Despite the historical 
management for timber (MacKenzie, 1992; Milner et al., 2002), this woodland is included 
within the Letterewe–Ardlair Site of Special Scientific Interest for its age and extent and 
vascular plant interest (SNH, 2010). There is also a diverse assemblage of bryophytes and 
lichens typical of an oceanic climate. The main types of woodland present at Letterewe 
belong to the W11 Quercus petraea-Betula pubescens–Oxalis acetosella and the W17 
Quercus petraea–Betula pubescens–Dicranum majus communities (as described in the 
National Vegetation Classification, after Rodwell 1991). 
There are several stretches of woodland along the northern edge of Loch Maree where oak is 
the dominant canopy species (Mackenzie and Clifford 2008). Analysis of increment cores 
(MacKenzie 1992) suggest that most of the oak trees at Letterewe are now aged between 157 
and 214 years. These even-aged stands of oak create a very shaded woodland floor where 
common bryophytes are abundant. Outside of the exclosures there is very little shrub cover 
and no under-storey (Figure 9.1) – typical of woodland that has been grazed for many years 
(Putman 1994). The W17a Isothecium myosuroides–Diplophyllum albicans sub-community 
is common over the steep rocky ground, with shaded cliffs above. Mosses such as 
Hylocomium splendens, Loeskeobryum brevirostre, Rhytidiadelphus loreus, Thuidium 
tamariscinum, Leucobryum glaucum, Dicranum majus and D. scoparium and the liverwort 
Bazzania trilobata are locally common on the woodland floor. In the upper reaches of this 
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narrow strip of woodland, where there are fewer rocks and the trees are further apart, birch 
becomes more common and grass is dominant in the field layer. This type of vegetation is 
best regarded as a form of the W11 community (Averis et al. 2004). Sorbus aucuparia is 
frequent throughout both types of woodland and other species such as Corylus avellana and 
Ilex aquifolium are rare to occasional (Mackenzie and Clifford 2008). Attempts to regenerate 
the oak woodland at Letterewe and Ardlair rely on the use of exclosures (Figure 9.2) that 
continue to be erected on a regular basis – the oldest of which dates back to 1995. The 
exclosure at Inveran was erected in 1990 (according to the Estate keeper). The presence of 
these old exclosures, even-aged stands of oak trees with vertical trunks in an area that 
experiences very low atmospheric pollution and the long absence of sheep are advantageous 
for investigating the impact of red deer (and a very small population of goats) on Atlantic oak 
woodland. 
 
Figure 9.1. Unexclosed open Atlantic oak woodland at Letterewe, Wester Ross, showing 
complete absence of woody plant regeneration and no shrub layer. September 2013. 
215 
 
 
Figure 9.2. Dense regeneration inside the fence after 18 years of deer exclosure at Letterewe, 
Wester Ross. September 2013. 
The epiphytic community of the oak woodland at Letterewe often closely resembles the 
Lobarion pulmonariae alliance as described by James et al. (1977). Isothecium myosuroides 
var. myosuroides and Frullania tamarisci are very common epiphytes on the oaks at 
Letterewe and these provide a substrate for macro-lichens such as Lobaria pulmonaria, L. 
scrobiculata, Nephroma laevigatum and Pannaria rubiginosa to grow. The presence on the 
Letterewe oaks of cryptogams such as Acrocordia gemmata, Pachyphiale carneola, 
Pertusaria hymenea, I. myosuroides, Zygodon rupestris and F. tamarisci is suggestive of the 
pre-Lobarion pioneer community (James et al. 1977). Other species common in the oak 
woods at Letterewe such as Evernia prunastri, Melanelixia glabratula and Parmelia saxatilis 
are considered to be companion species of the Lobarion pulmonariae (James et al. 1977). 
However, these lichens and other species such as Hypogymnia physodes and Ochrolechia 
androgyna found at Letterewe are common in a range of lichen communities in the British 
Isles (Smith et al. 2009). Indeed P. saxatilis is an acidophilous species and its population can 
increase quickly when bark pH decreases (Wolseley and James 2000).  
The Parmelion laevigatae alliance (James et al. 1977) also occurs at Letterewe on trees in the 
more exposed parts of the woodland. This is a characteristic community of the western 
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British Isles and is mainly associated with birch and oak trees in upland woodland sites, 
subject to high rainfall (James et al. 1977) which causes leaching and lowers bark pH (Rose 
1974). Species such as Hypogymnia physodes, Hypotrachyna taylorensis, Mycoblastus 
sanguinarius, Ochrolechia androgyna, O. tartarea, Pertusaria ophthalmiza, Sphaerophorus 
globosus and Cladonia spp. characterise this community (Rose 1974; James et al. 1977) at 
Letterewe. Associated bryophytes include calcifugous species such as Hypnum andoi, I. 
myosuroides var. myosuroides, Dicranum scoparium and Scapania gracilis. This 
investigation followed a block design in order to ensure that oaks from specific locations on 
the slope are compared either side of the deer fence. This was an attempt to counter the 
confounding influence of microclimate that results from differences in altitude, proximity to 
the loch edge and nature of the original stands (open or closed canopy) for example. 
Procedure 
There were only three suitable woodland exclosures in the study area from which 12 blocks 
of trees were selected randomly. Oak trees inside and outside of the exclosure within each 
block were allocated a number. Then five trees from each treatment at each block were 
selected by drawing numbers from a hat. Only oak trees of similar size with a vertical stem 
and no obvious characteristics (such as leaky wounds) that might have confounded results 
were initially selected. A quadrat sample was taken at three different zones in the middle of 
both the north- and south- facing aspects of each tree. The lower bar of the 0.04 m
2
 square-
shaped quadrat rested at 0.1 m (base), 0.75 m (middle) and 1.5 m (upper) above the ground 
on each aspect. Therefore, there were 6 quadrat samples in total from each tree. Appropriate 
quadrat size and shape for this investigation had been determined in a pilot study and power 
analysis directed the number of quadrats required. A tape-measure was used to position the 
quadrats and a Silva compass confirmed the aspect.  
The use of an acetate overlay with 100 circles of 0.02 m diameter (see Bates 1992) was 
employed to estimate the percentage cover of each bryophyte and lichen species within 
quadrats. Identification of most taxa was achieved in the field or with a microscope. A few 
lichen specimens were determined by referee. Those lichens deemed unidentifiable because 
of their poor condition were recorded as unknown. Lepraria species were recorded as a genus 
due to their taxonomic difficulty. The circumference of the tree at 1.5 m was determined 
using a tape measure. The number of saplings in a 2 m radius around each tree was counted. 
An assessment of the field layer was made at each tree by randomly placing a 2 m x 2 m 
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quadrat within a 3 m radius - using random numbers to determine compass bearing and 
distance. The percentage cover of bare ground, litter, fallen branches and logs, dwarf shrubs, 
bracken, graminoids, bryophytes and lichens were recorded from each of these quadrats on 
the woodland floor. The mean height of the field/shrub layer was recorded based on five 
measurements with a metre rule and bryophyte height was measured in a similar way with a 
0.3 m rule. Field work was carried out between late-Winter and early-Spring 2012.  
Nomenclature is consistent with Hill et al. (2008) for bryophytes, Macdonald and Barrett 
(1993) for mammals, Smith et al. (2009) for lichens, Stace (2010) for vascular plants and 
Rodwell (1991) for plant community descriptions. 
Analysis 
In order to test the null hypothesis that there was no difference in epiphytic cryptogam 
species cover on oak bark between the exclosed and grazed areas of woodland, the 
percentage cover data from the quadrats were arcsine-transformed (units in radians) so that a 
linear mixed effects model (lmer) could be fitted in R version 2.11.1 (R Development Core 
Team 2010). Presence or absence of red deer due to exclosure was the fixed effect in this 
model and the random effects derived from the hierarchical nature of the sampling strategy 
(quadrats within plots of trees within blocks of trees at each of the exclosure locations). Data 
from each height zone up the trunk on a particular aspect were analysed separately so that 
differences in micro-habitat did not confound the treatment. Variance components analysis 
(VCA) revealed the percentage of unexplained variation in the data (after that explained by 
the fixed effect had been removed) that was attributed to each of the random effects. The 
woodland floor data were analysed in a similar fashion. Analysis with lmer ensured that 
proper account was taken of the random effects and the spatial pseudoreplication associated 
with the hierarchical nature of the experimental design (Crawley 2013).  
Total Lobarion cover, Lobarion diversity and Lobarion species richness were calculated prior 
to analysis. Cryptogam diversity was calculated for each quadrat using the Shannon diversity 
index (described in Magurran 2004) as a measure of evenness. Dominance for each quadrat 
was calculated by first identifying the cryptogam species with most cover and dividing this 
by the total cryptogam cover. These data were then analysed using an lmer. Species richness 
of epiphytic cryptogams in general and just the Lobarion component within quadrats was 
analysed in a generalised lmer (the non-constant variance associated with count data was 
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addressed by specifying a Poisson error structure). Analysis of the cryptogam species 
richness for the woodland floor quadrats followed a similar procedure. 
In other analyses, all of the pseudoreplication was averaged away and the resulting mean 
values were analysed using linear models (ANOVA) to examine the genuine replication of 
the three exclosures. 
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9.5 Results 
A total of 110 named cryptogam taxa were recorded from the 720 quadrats placed on the oak 
trees (Appendix M). This includes the genus Lepraria of which three species were identified 
from sample collections namely L. incana, L. lobificans and L. rigidula. The liverwort 
Frullania tamarisci and the mosses Hypnum andoi and Isothecium myosuroides were the 
most common epiphytic cryptogams recorded from the quadrats. Those lichen species present 
in quadrats pertaining to the Lobarion pulmonariae community (James et al. 1977) are listed 
in Table 9.1. Many of the species listed are considered to be of international significance and 
the two Fuscopannaria spp. are also nationally scarce (Woods and Coppins 2012). Lobaria 
pulmonaria was the commonest representative of the Lobarion in the quadrats (Appendix M).  
 
Table 9.1. List of the lichen species comprising the Lobarion found within quadrats on oaks 
in the study area based on information presented in James et al. (1977) and Lambley (2011). 
Species that were solely of the pre-Lobarion pioneer community (James et al. 1977) such as 
Pertusaria hemisphaerica, P. hymenea and Thelotrema lepadinum were not included unless 
they were part of the associated crustose list of Lambley (2011) such as Leptogium 
lichenoides. Lichens under the companion species category only of James et al. (1977), such 
as Normandina pulchella, were not included in this list. 
 
Collema subflaccidum Leptogium burgessii Pannaria conoplea 
Collema furfuraceum Leptogium lichenoides Pannaria rubiginosa 
Degelia atlantica Lobaria amplissima Parmeliella parvula 
Degelia cyanoloma Lobaria pulmonaria Parmeliella triptophylla 
Degelia plumbea Lobaria scrobiculata Peltigera collina 
Dimerella lutea Lobaria virens Sticta limbata 
Fuscopannaria mediterranea Nephroma laevigatum Sticta fuliginosa 
Fuscopannaria sampaiana Pachyphiale carneola 
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Table 9.2. Mean arcsine cover values of selected bryophyte and lichen species inside and outside of the deer 
exclosures following lmer analysis of data from 120 x 0.04 m
2 
quadrats at each zone (the quadrat base for B at 
0.1 m, M at 0.75 m and U at 1.5 m above ground) on the south aspect only of oak trees. The Standard Error (SE) 
is for the difference between means. Significant t values are in bold. (Percentage cover values are in brackets). 
 
 Mean arcsine cover (radians) 
Species Zone Effect of exclosure Exclosed Grazed SE t value 
 
Frullania tamarisci B – 0.271 (7.5%) 0.811 (53.0%) 0.070 7.676 
M – 0.830 0.856 0.065 0.406 
 U + 0.793 0.705 0.059 1.484 
Hypnum andoi B – 0.000 (0%) 0.035 (0.1%) 0.014 2.478 
 M + 0.106 0.073 0.026 1.300 
 U + 0.103 0.088 0.029 0.510 
Isothecium myosuroides B + 0.641 (36.0%) 0.327 (11.0%) 0.106 2.970 
M + 0.113 0.071 0.030 1.382 
 U + 0.026 0.022 0.015 0.317 
Lobaria pulmonaria B – 0.001 0.066 0.037 1.723 
 M – 0.026 0.060 0.028 1.224 
 U – 0.027 (<0.1%) 0.118 (1.2%) 0.043 2.121 
Melanelixia glabratula M – 0.008 (<0.1%) 0.058 (0.3%) 0.018 2.788 
 U – 0.056 0.103 0.028 1.670 
Normandina pulchella B – 0.001 0.005 0.002 1.655 
 M – 0.003 0.023 0.011 1.799 
 U – 0.005 (<0.1%) 0.024 (<0.1%) 0.008 2.343 
Parmelia saxatilis B – 0.017 0.032 0.021 0.730 
 M – 0.034 (0.1%) 0.098 (1.0%) 0.031 2.117 
 U – 0.085 (0.8%) 0.220 (5.0%) 0.065 2.071 
Rhytidiadelphus loreus B + 0.189 (3.5%) 0.057 (0.3%) 0.054 2.435 
Total Lobarion lichen B – 0.023 0.103 0.040 1.986  
 M – 0.096 (1.0%) 0.193 (3.9%) 0.037 2.634 
 U – 0.114 (1.2%) 0.262 (7.0%) 0.061 2.429 
 
221 
 
Location
Block
Plot
Quadrat
P
e
rc
e
n
ta
g
e
 p
ro
p
o
rt
io
n
 o
f 
u
n
e
x
p
la
in
e
d
 v
a
ri
a
n
c
e
0
2
0
4
0
6
0
8
0
1
0
0
1
2
0
 
 
 
 
 
Figure 9.3. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected arcsine species 
cover values, using data from the 0.04 m
2
 quadrats placed on the south aspect of oak trees.  
 
Total Lobarion cover increased with height up the trunk and cover was significantly greater 
on oaks outside the exclosure for the middle and upper zones on both the south- and north-
facing aspects following lmer analysis (Tables 9.2 and 9.3). Lobaria pulmonaria remained 
significantly lower in cover (P < 0.01) in quadrats from the middle zone within exclosures on 
the northern aspect of oaks even after all of the pseudoreplication was averaged away. The 
same was true for total Lobarion cover in the same situation (P < 0.05). Companion species 
Melanelixia glabratula, Normandina pulchella and Parmelia saxatilis attained greater cover 
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in quadrats higher up the oak trunks and were significantly lower in cover on oaks within the 
exclosures for one or both of the middle and upper zones of the south aspect. 
The greater cover of F. tamarisci in quadrats near the base of oaks on the south-facing aspect 
of the grazed treatment was highly significant compared to similar habitat within exclosures 
(Table 9.2). Even when all of the pseudoreplication was averaged away, F. tamarisci 
remained significantly more abundant (P < 0.01) in this situation. By contrast, I. myosuroides 
was found to be significantly more abundant in quadrats at the base of oaks on the south-
facing aspect within the exclosures compared to the grazed treatment. Neither was 
significantly different in mean cover either side of the exclosure from quadrats higher up the 
trunk or from any height zones on the north-facing aspect of oaks (Table 9.3). Other 
pleurocarpous mosses such as Thuidium tamariscinum were also significantly more abundant 
at the base of oak trees within exclosures. Bryophytes and lichens are very responsive to 
conditions in their microhabitat and this could explain why differences between quadrats 
accounted for most of the unexplained variance in the data (Figures 9.3 and 9.4) after that 
explained by the fixed effect had been removed. 
Cryptogam and Lobarion lichen species richness were increasingly higher in quadrats further 
up the trunk (Table 9.4). There was a significantly higher Lobarion species richness outside 
of exclosures at the base and middle of the south-face of oaks and for the middle and upper 
zones of the northern aspect of oaks. Cryptogam species richness was significantly higher in 
quadrats out-with exclosures for middle and upper zones of the south-face and for the upper 
zone of the north-face of oaks. Most of the unexplained variation remaining in the species 
richness models was at the level of the plots or between blocks. Differences between plots 
(51%) and quadrats (42%) accounted for the unexplained variance in the Lobarion species 
richness data from quadrats of the middle zone and south aspect of oaks. There was no 
significant difference in Lobarion diversity from any of the height zones on either aspect 
between each level of the treatment. The large number of zeroes in this dataset and many 
quadrats containing just one representative of the Lobarion contributed to this outcome. 
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Table 9.3. Mean arcsine cover values of selected bryophyte and lichen species inside and 
outside of the deer exclosure following lmer analysis of data from 120 x 0.04 m
2 
quadrats at 
each zone (the quadrat base for B at 0.1 m, M at 0.75 m and U at 1.5 m above ground) on the 
north aspect only of oak trees. The Standard Error (SE) is for the difference between means. 
Significant t values are in bold type. (Percentage cover values are in brackets). 
 
 Mean arcsine cover (radians) 
Species Zone Effect of exclosure Exclosed Grazed SE t value 
 
Frullania tamarisci B – 0.166 0.198 0.042 0.766 
M – 0.761 0.774 0.078 0.176 
 U – 0.765 0.797 0.064 0.505 
Isothecium myosuroides B – 0.732 0.854 0.100 1.220 
M + 0.528 0.516 0.067 0.178 
 U + 0.303 0.279 0.040 0.593 
Lobaria pulmonaria B – 0.012 0.029 0.017 0.988 
 M – 0.028 (<0.1%) 0.100 (1.0%) 0.028 2.604 
 U – 0.076 0.179 0.052 1.995 
Parmelia saxatilis B – 0.001 (<0.1%) 0.027 (<0.1%) 0.012 2.151 
 M – 0.077 0.085 0.035 0.251 
 U – 0.078 (0.6%) 0.168 (2.5%) 0.037 2.438 
Thuidium tamariscinum B + 0.275 (7.5%) 0.141 (2.0%) 0.052 2.582 
Total Lobarion lichen B – 0.022 0.060 0.021 1.801  
 M – 0.061 (0.4%) 0.161 (2.5%) 0.034 2.961 
 U – 0.151 (2.3%) 0.276 (7.5%) 0.061 2.049 
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Figure 9.4. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected arcsine species 
cover values, using data from the 0.04 m
2
 quadrats placed on the north aspect oak trees. 
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Table 9.4. Mean values of cryptogam and Lobarion lichen species richness (SR) following 
lmer analysis with a Poisson error structure fitted to data from 120 x 0.04 m
2 
quadrats at each 
zone (the quadrat base for B at 0.1 m, M at 0.75 m and U at 1.5 m above ground), on each 
aspect of oak trees either side of the treatment. The Standard Error is for the difference 
between means. Significant t values are in bold type. 
 
 Mean log species richness 
Response variable Zone Effect of exclosure Exclosed Grazed Standard Error p value 
 
SOUTH-FACING ASPECT 
Cryptogam SR B –  1.519  1.645 0.083 0.126 
 M –  1.522  1.686 0.082 0.046 
 U –  1.702  1.879 0.075 0.018 
Lobarion lichen SR B – -2.813 -1.490 0.658 0.044 
 M – -1.054 -0.185 0.350 0.013 
 U – -0.584 -0.106 0.286 0.095 
 
NORTH-FACING ASPECT 
Cryptogam SR B –  1.456  1.483 0.087 0.757  
 M –  1.599  1.690 0.080 0.262 
 U –  1.647  1.893 0.079 0.017 
Lobarion lichen SR B – -3.624 -2.188 0.833 0.085  
 M – -1.506 -0.639 0.434 0.046 
 U – -0.995 -0.124 0.386 0.024 
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A total of 53 cryptogam taxa were recorded from the 120 quadrats placed on the woodland 
floor (Appendix N).  Dicranella heteromalla, Dicranum scoparium, Diplophyllum albicans, 
Hypnum jutlandicum, Isothecium myosuroides and Polytrichastrum formosum were found to 
be significantly more abundant in quadrats on the woodland floor out-with the exclosures and 
Thuidium tamariscinum attained greater cover in those within (Table 9.5). Differences 
between quadrats accounted for most of the unexplained variance in these models once that 
explained by the fixed effect had been removed (Figure 9.5). 
Terrestrial cryptogam species richness was found to be significantly greater in woodland 
floor quadrats outside the exclosures (P < 0.001) with mean log-link values of 1.804
 
(inside) 
and 2.173 (outside). The standard error of the difference between means was ± 0.070.  
Differences between blocks accounted for 86% of the unexplained variance in this data and 
14% of the variation was at the level of the plots. Cryptogam diversity was also significantly 
higher in the grazed treatment (Table 9.6) and remained so even after all of the 
pseudoreplication was averaged away (P < 0.05). The VCA revealed that unexplained 
variation in the cryptogam diversity data was entirely attributed to differences between 
quadrats. There was no significant difference in terrestrial cryptogam dominance and total 
terrestrial cryptogam cover in quadrats between exclosed and grazed situations in the study 
area (Table 9.6). 
Mean shrub cover, shrub height, cryptogam height and sapling density were all highly 
significant and much higher in quadrats within the exclosure (Table 9.6). There was a 
significantly greater cover of bare ground out-with the exclosures but there was no significant 
difference in cover of bracken, litter and tree debris in quadrats either side of the deer fence 
(Table 9.6). As expected there was no significant difference in mean tree circumference at 
chest height between each level of treatment. The unexplained variation in the data was not 
entirely down to differences between quadrats for the significant explanatory variables 
(Figure 9.6). Differences between plots accounted for half of the variance in the data for 
sapling density which probably reflects the patchy nature of sapling growth within 
exclosures. Bare ground showed a similar pattern and might be accounted for by some parts 
of the woodland being more prone to trampling from regular deer passage than others. 
Differences between locations accounted for a substantial amount of variation in the 
bryophyte height data – damper locations closer to the loch edge were more likely to have 
lusher growth than less humid locations. 
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Table 9.5. Mean arcsine cover values of selected terricolous bryophytes inside and outside of 
exclosures in Atlantic oak woodland north of Loch Maree following analysis of data from 
120 x 4 m
2 
quadrats in a linear mixed effects model. The Standard Error (SE) is for the 
difference between means. Significant t values are in bold type. (Percentage cover values are 
in brackets). 
 
 Mean arcsine cover (radians) 
Species Effect of exclosure Exclosed Grazed SE t value 
 
Dicranella heteromalla – 0.000 (<0.1%) 0.018 (<0.1%) 0.006 3.184 
Dicranum majus + 0.056
 
0.050 0.010 0.592 
Dicranum scoparium – 0.006 (<0.1%) 0.018 (<0.1%) 0.005 2.330  
Diplophyllum albicans – 0.000 (0%) 0.027 (<0.1%) 0.013 2.193 
Hylocomium splendens – 0.189 0.214 0.028 0.896 
Hypnum jutlandicum – 0.007 (<0.1%) 0.034 (0.1%) 0.007 3.823 
Isothecium myosuroides – 0.051 (0.3%) 0.098 (1.0%) 0.018 2.666 
Loeskeobryum brevirostre + 0.096 0.085 0.039 0.275 
Polytrichastrum formosum – 0.012 (<0.1%) 0.049 (0.3%) 0.012 3.140 
Pseudoscleropodium purum + 0.076
 
0.061
 
0.021 0.689 
Rhytidiadelphus loreus – 0.208 0.337 0.075 1.710 
Rhytidiadelphus triquetrus – 0.294 0.340 0.058 0.785 
Thuidium tamariscinum + 0.327 (12.0%) 0.174 (3.0%) 0.041 3.703 
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Figure 9.5. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected arcsine species 
cover values of terrestrial bryophytes, using data from the 120 x 4 m
2
 quadrats placed on the 
ground in Atlantic oak woodland north of Loch Maree. 
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Table 9.6. Differences in the means of selected response variables either side of exclosures in 
Atlantic oak woodland north of Loch Maree following analysis of data from 120 x 4 m
2 
quadrats in a linear mixed effects model. The Standard Error is for the difference between 
means. (Percentage cover values are in brackets). 
 
 Mean values 
Response variable Effect of exclosure Exclosed  Grazed Standard Error t value 
 
Terrestrial cryptogam diversity – 1.216 1.421 0.070 2.934 
Terrestrial cryptogam dominance + 0.520 0.494 0.030 0.867 
Arcsine cryptogam cover (radians) – 0.747 (46.0%) 0.839 (55.0%) 0.085 1.082 
Arcsine shrub cover (radians) + 0.671 (38.0%) 0.106 (1.0%) 0.096 5.772 
Mean shrub height (m) + 0.403
 
0.090
 
0.027 11.44 
Mean bryophyte height (m) + 0.123
 
0.061
 
0.005 13.41 
Sapling density (m
-2
) + 1.833 0.016 0.392 4.630 
Arcsine bare-ground (radians) – 0.035 (0.1%) 0.403 (15.0%) 0.077 4.806 
Arcsine litter cover (radians) + 0.497 0.476
 
0.041 0.514 
Arcsine bracken cover (radians) + 0.262 0.174 0.051 1.731 
Arcsine tree debris cover (radians) – 0.123 0.175 0.028 1.848 
Tree circumference at 1.5 m (m) NA 1.704 1.627 0.076 1.003 
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Figure 9.6. Variance components analysis showing the percentage unexplained variance, 
attributable to each of the random effects, following lmer analysis of selected response 
variables, using data from the 120 x 4 m
2
 quadrats placed on the ground in Atlantic oak 
woodland north of Loch Maree. 
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9.6 Discussion 
Exclosure for a period of 17-22 years has had a detrimental effect on the Lobarion 
community associated with the lower trunks of Quercus x rosacea in Atlantic oak woodland 
in the exclosed plots within the study area. Contrary to the hypothesis, differences in the 
Lobarion were more marked in quadrats placed higher up the trunk. This is likely due to 
lower absolute cover of this community at the base of trees to begin with. A similar pattern 
was obtained for both the north and south aspect of the tree. Concerns over dense woodland 
regeneration within exclosures affecting lichen communities of the lower trunks of mature 
trees previously growing in open conditions (Coppins 2001; 2003) are supported by the 
quantitative evidence presented here. Increased shading perhaps out-weighed the advantages 
of an enhanced humidity within exclosures – especially in the oceanic climate that prevails in 
the study area. 
Woodland regeneration was virtually non-existent in plots outside the exclosures consistent 
with Milner et al. (2002). Nonetheless, sapling growth was patchy within exclosures with 
some trees almost hidden by numerous tall saplings while only a few seedlings were present 
in other situations (personal observation). The main reason for this is that regeneration 
beneath an existing oak canopy is poor due to intolerance of shading and invertebrate damage 
(Pigott 1983; Palmer et al. 2004). Therefore, each tree sampled may have been subject to 
different conditions depending on how open the woodland was when the exclosures were first 
erected. This could account for some of the unexplained variance in the epiphyte cover data 
occurring at the level of the quadrat for the relevant response variables. Sampling by means 
of a block design, with five pseudoreplicates at each height zone for each aspect either side of 
the exclosure was justified to try and deal with this natural variation. The dwarf-shrub layer 
was consistently better developed within the exclosures but this will only have had a shading 
effect on the base of trees. However, the increased shelter and humidity of the woodland 
conferred by this dwarf-shrub cover and lusher growth of terrestrial bryophytes is likely to 
have benefited the gastropod population. Mollusc grazing of Lobaria spp. is known to 
increase in more shaded and humid conditions in broadleaved deciduous forests of southwest 
Norway (Asplund and Gauslaa 2008; Asplund et al. 2010). 
The hypothesis that a decrease in Lobarion lichen cover is associated with an increase in the 
cover of common corticolous bryophytes on oaks within the exclosures (Wolseley and James 
2000) is not supported by the data presented here. Isothecium myosuroides and Frullania 
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tamarisci cover in quadrats at the height zones where total Lobarion cover was most affected 
was not significantly different between the grazed and exclosed situation. However, 
succession within exclosures around the base of trees modified conditions in this zone to suit 
the growth of more competitive pleurocarpous mosses (such as I. myosuroides and 
Rhytidiadelphus loreus) at the expense of F. tamarisci cover on the southern aspect of trees. 
Prior to establishment of the exclosure the cryptogam species zonation had been lowered for 
the southern aspect of oaks. Frullania tamarisci is known to occur in rather dry situations 
(Paton 1999) and, in the absence of competition, is able to occur low down on the tree. This 
pattern was not repeated on the northern aspect of oaks where the more sheltered and humid 
conditions at the tree-base were already favourable for the growth of pleurocarpous mosses. 
Frullania tamarisci was the dominant bryophyte in quadrats from drier conditions further up 
the trunk which supports the suggested mechanism. Lower Lobarion species richness in 
quadrats from the base of the southern aspect of oaks within exclosures could be a response 
to this change in bryophyte composition. The bulky pleurocarpous mosses could be affecting 
the establishment of Lobarion species in this zone as suggested by Wolseley and James 
(2000). However, increased shading at the base of oaks from dwarf-shrubs within exclosures 
and the likely increase in gastropod predation are other factors that might be operating.   
Terrestrial bryophytes associated with colonising bare soil in woodland such as Calypogeia 
fissa, Dicranella heteromalla, Diphyscium foliosum, Diplophyllum albicans and 
Pseudotaxiphyllum elegans were occasional in quadrats outside of exclosures but completely 
absent from those within (Appendix N). In the absence of disturbance from red deer activity, 
this microhabitat had become extremely limited resulting in the observed differences in 
terrestrial cryptogam species richness and diversity. Contrary to the predictions of Mitchell 
and Kirby (1990) and Rodwell (1991), larger and more competitive pleurocarpous mosses 
such as Thuidium tamariscinum continued to thrive in the absence of red deer within 
exclosures, growing taller beneath a dwarf-shrub layer. Averis (2001) has previously 
observed that bryophytes can be equally abundant and diverse among tall ericoid shrub-layers 
in the absence of grazing. However, Polytrichastrum formosum appears to be at a competitive 
disadvantage in the absence of grazing. This is consistent with the trends observed for 
Polytrichum commune in sheep exclosures in North Wales (Hill et al. 1992). 
Replication at different levels in this investigation provides the statistical power necessary to 
support the hypothesis that the observed differences are caused by long-term exclusion of 
large herbivores (mostly red deer but with a small population of feral goats) from more open 
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areas of Atlantic oak woodland north of Loch Maree. However, the investigation was limited 
by so few suitable exclosures being available – all of which were used. These do not 
represent the closed stands of even-aged oak that comprise most of the Atlantic oak woodland 
at Letterewe. The incidence of the Lobarion community is scarce in these conditions 
(personal observation). Had experimental exclosures been in place within these stands, it is 
likely there would have been little difference in total cover of Lobarion lichens either side of 
the deer fence. 
The mechanism of red deer impact could be confounded by pre-existing conditions and 
localised factors, but care was taken to eliminate these during the design stage. The block 
design ensured that comparable stands of woodland were contrasted either side of the 
exclosures, allowing the assumption that a similar starting point existed when the deer fence 
was first established. This is manifest in the variance components analyses of the random 
effects which show that little unexplained variation was generated at the scale of the location, 
block and plot for the corticolous and terricolous cryptogam species cover and diversity data. 
More pseudoreplicates within each plot would have gone some way to tackling the high 
variation in this data between quadrats. Useful information about long-term community 
responses may be gained from natural experiments in contrast to the short-term transient 
dynamics that often result from manipulative studies (Virtanen et al. 2002). However, 
investigations using exclosures only allow us to infer how the vegetation may respond to an 
absence of a large herbivore (Putman et al. 1989; Côté et al. 2004) over a set period of time. 
Management practices that allow light to reach saplings may assist with the continued 
survival of Atlantic oakwoods in Scotland (Palmer et al., 2004) and could apply to situations 
where there are closed stands of even-aged oak. However, specialist advice concerning 
bryophytes and lichens should be sought prior to such management (Acton and Rothero, 
2010) since reduced humidity and increased light levels also threaten important cryptogam 
communities. The natural presence and growth of L. pulmonaria is driven by a fine balance 
between insolation and the risk of drying out (Gauslaa et al., 2006). Air-dried thalli of L. 
pulmonaria on surviving trees become more susceptible to the combined negative effects of 
high-light intensity and high temperatures that result from logging operations (Gauslaa and 
Solhaug, 1999). 
The continued viability of the Atlantic oak wood is important for the Lobarion community at 
Letterewe. The ideal situation would be to reduce deer numbers to a density that allows the 
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woodland to regenerate as a whole but this would have socio-economic consequences. 
Culling is unlikely to prove successful at encouraging woodland regeneration unless deer 
numbers are maintained at very low levels over a large area in the long-term. Milner et al. 
(2002) argue that even when estimates of mean red deer density for a property are low, 
natural regeneration is threatened by locally high deer numbers seeking shelter and food in 
woodland during harsh winter weather. Mackenzie and Clifford (2008) recommended 
exclosures at Letterewe and Ardlair remain in place for ≥ 25 years until saplings were safe 
from browsing. Since it was not listed as an important feature, the impact of long-term 
exclosure on the Lobarion at Letterewe was not considered. Mackenzie and Clifford (2008) 
also thought that intervention thinning of the dense thickets of saplings within exclosures 
would be unnecessary thereby increasing the deadwood habitat as a result of self-thinning 
(but such young deadwood is of low value to bryophytes and lichens). 
Hodgetts (2001) advocates micro-management in consultation with a lichen specialist in 
situations where intervention thinning would benefit important lichen communities on 
selected trees within exclosures. This has proved successful in the New Forest where L. 
pulmonaria cover increased on beech (Fagus sylvatica) two years after over-shading holly 
(Ilex aquifolium) had been removed from an area of woodland (Rose, 1992). The use of 
exclosures is preferable to landowners who do not wish to drastically reduce their red deer 
numbers over a sustained period. Woodland regeneration can be rapid and highly successful 
in open areas of oakwood within exclosures. Intervention thinning of the regenerated stand 
could be adopted around mature trees with a high lichen biodiversity value so that sources of 
inoculum for future diaspora dispersal are protected from the shading effects of dense sapling 
growth. Trees holding colonies of Fuscopannaria sampaiana and diverse examples of the 
Lobarion would be good candidates for this management at Letterewe. 
In the long-term, there is every chance that the Lobarion on trees in woodland outside of the 
deer fences at Letterewe could recolonize trees within the exclosure as the woodland inside 
eventually opened up. This is one advantage of using a number of smaller exclosures rather 
than one vast perimeter exclosure. There is also the argument that since the Lobarion had not 
been completely eradicated after ca. 20 years of exclosure it might be able to recover, as the 
regenerated stand progressed from the stem-exclusion phase to the understorey re-initiation 
phase. However, only general conclusions can be drawn from the Lobarion at Letterewe for 
the medium term period from just three exclosures and no comment can be made about the 
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effects of exclosure on the most diverse examples of this community or the rarer cryptogam 
species recorded elsewhere in Scotland. 
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CHAPTER 10 
General Discussion 
This research has shown that red deer and their management do have an impact on bryophyte 
and lichen ecology in the northwest Highlands. Red deer browsing and grazing, at moderate 
densities, serves to arrest the succession of matrix heath vegetation around low-lying rocks 
and on boulder tops. This is clearly beneficial to saxicolous lichen cover, diversity and 
species richness which have become impoverished on rocks inside exclosures and on the tops 
of large inaccessible boulders. Conditions in the absence of red deer have become more 
favourable to pleurocarpous bryophytes and dwarf-shrub vegetation on these rocks. 
There was no effect on cryptogam diversity, dominance and species richness either side of 
the deer exclosures in wet heath and bog vegetation at Letterewe and neighbouring estates 
(Moore and Crawley In press). This contrasts with the situation at Knoydart where dense 
birch and shrub regeneration inside the exclosure has caused a significant reduction in 
cryptogam diversity and species richness (Moore et al. In press). There was very little 
regeneration in the poorly drained wet heath and bog inside even the oldest exclosures at 
Letterewe and so the conditions have not changed enough to have an effect on overall 
measures of cryptogam diversity. However, Cladonia lichens, Sphagnum capillifolium ssp. 
rubellum and several associated liverwort species have significantly increased in abundance 
after several years of red deer exclusion from wet heath vegetation (Moore and Crawley In 
press). The trampling damage and significant reduction in Calluna cover caused by moderate 
densities of red deer outside of exclosures at Letterewe and neighbouring estates were the 
most likely explanations for the observed differences (Moore and Crawley In press). 
Repeating this research after another 10 years of exclosure would be needed to reveal longer 
term impacts of red deer absence on cryptogam diversity in wet heath. 
High densities of red deer are known to significantly reduce heather cover (Grant et al. 1981; 
Welch et al. 1993) but there has been little evidence before now that moderate numbers of red 
deer are significantly reducing Calluna cover in upland heath vegetation (Clutton-Brock et al. 
2002). Mean Calluna cover within quadrats inside the exclosures at Letterewe and 
neighbouring estates was 8% greater than those quadrats in wet heath vegetation outside of 
the deer fences (Moore and Crawley In press). This occurred across the whole range of a red 
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deer herd and not just where fences prevented access to locally concentrated numbers of deer 
– which was a concern of SNH (1994). A moderate cover of Calluna is known to encourage 
the growth of hummock forming species of Sphagnum such as S. capillifolium ssp. rubellum 
(Clymo and Reddaway 1974; Harley et al 1989; Pouliot et al. 2011). 
Calluna cover was also a significant positive explanatory term in the MAMs for measures of 
Northern Atlantic hepatic mat diversity and cover. Red deer are not dispersed evenly across 
the landscape (Milner et al. 2002) and this research suggests that locally high densities of red 
deer in oceanic heath vegetation, at four locations in Wester Ross, are implicated with 
reduced Calluna cover and impoverishment of the Northern Atlantic hepatic mat. This 
supports the anecdotal evidence that red deer may have caused a reduction of liverwort-rich 
oceanic heath on Ben More Assynt and Beinn Bhàn (Hobbs 1988). Red deer dung density in 
each of the four oceanic heath study areas suggested that numbers of red deer using these 
north-facing slopes were much higher than the low to moderate estimated mean red deer 
densities for each of the four Wester Ross properties as a whole. Greatest impact occurred 
adjacent to existing grass patches where there had been locally high levels of trampling, 
browsing and dunging (personal observation) which is consistent with the edge effect (Hester 
and Baillie 1998; Gordon et al. 2004). Nonetheless, more research would be necessary to 
confirm what these correlative data are suggesting. Annual monitoring of the grass patches 
within the oceanic heath would show whether they were increasing in area as a result of the 
edge effect. Another approach could make use of enclosures, with known densities of red 
deer, located randomly within oceanic heath vegetation for a standardised period of time. 
Before and after surveys of the vegetation would establish the critical density of red deer that 
resulted in a significant reduction in cover of Northern Atlantic hepatic mat. Replication 
would be necessary for each treatment and this would add to the financial and environmental 
cost of the investigation. A less damaging study might use exclosures placed around grass 
patches and an area of bordering oceanic heath to determine whether an absence of red deer 
resulted in a significant recovery of the Northern Atlantic hepatic mat. This was beyond the 
timescale available for PhD research but might make for an interesting longer term project. 
However, deer fences on these steep north-facing slopes would be difficult and costly to 
erect, prone to rock-falls and compromised by snow drifts allowing passage of red deer. The 
correlative data presented in this thesis has contributed by supporting anecdotal evidence 
from other parts of Scotland. Therefore, land-managers are urged to adopt a precautionary 
approach when setting targets for mean deer densities for their properties so that locally high 
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concentrations of red deer do not become excessive. The complete absence of red deer can 
also have a detrimental effect on liverworts associated with the Northern Atlantic hepatic mat 
near sea level (Moore et al. In press). This suggests that some level of red deer browsing and 
trampling is required in order for this rare liverwort assemblage to persist, particularly where 
there might otherwise be vigorous woodland regeneration. 
Heath vegetation was physically damaged at mean densities of > 15 red deer km
-2
 at 11 deer 
management group areas in Scotland (Albon et al. 2007) which is much lower than the upper 
mean limit of 25 red deer km
-2
 set by Cadbury (1992) to avoid heather loss. These figures do 
not seem to account for the non-random distribution of red deer in the landscape and before 
now there has been no information concerning the impact of localised concentrations of red 
deer on important bryophyte communities. Landowners in the northwest Highlands are 
encouraged to aim for low to moderate mean densities of red deer (3–8 red deer km-2) on 
their properties. The activities of a moderate mean density of red deer are clearly beneficial to 
saxicolous lichen assemblages in wet heath vegetation and do not appear to have any impact 
on cryptogams of the summit moss-heath vegetation found at Letterewe. However, important 
cryptogams of wet heath vegetation such as Sphagnum capillifolium ssp. rubellum and 
Cladonia lichens are almost half as abundant outside of exclosures in the presence of mean 
densities of 8–14.5 red deer km-2. Higher densities of red deer would be expected to cause 
even bigger differences in the cover of these cryptogams. 
Clutton-Brock et al. (2002) outline the potential effects of different culling regimes at 
Letterewe and argued that it was important to keep a grazing pressure of 11.5 red deer km
-2
 to 
maintain plant species diversity. However, they were referring to the drier heaths and the 
more productive grassland which is species poor for bryophytes. Virtanen and Crawley 
(2010) demonstrated that vascular plant species diversity cannot be used as a surrogate for 
bryophyte species diversity. Grazing by higher densities of Soay sheep on St. Kilda resulted 
in reduced bryophyte species richness whereas moderate grazing intensity was favourable for 
vascular plant species richness (Virtanen and Crawley 2010). Calluna vulgaris became more 
dominant where there was low grazing pressure by sheep on St. Kilda, out-competing other 
vascular plant species but favouring higher bryophyte species richness (Virtanen and Crawley 
2010). Therefore, the lower mean density of 8 red deer km
-2
 suggested by Clutton-Brock et al 
(2002) would be more favourable for bryophytes at Letterewe and still provide for the 
sporting interest. Estimates of red deer numbers at Letterewe have been close to this figure in 
recent years (Stephen Miller pers. comm. 2013) based on annual counts from a helicopter. 
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Even if an intensive culling regime was introduced at Letterewe, and red deer numbers for the 
property were reduced to a very low level across the whole estate, woodland regeneration 
would still not be guaranteed. The remaining red deer would become concentrated in the 
Atlantic oak woodland during poor winter weather and regeneration would be regularly 
suppressed (Milner et al. 2002). However, woodland regeneration is essential for the 
continuation of the internationally important Lobarion lichen community and exclosures are 
the only realistic way of achieving this. Nonetheless, this research has shown that the 
Lobarion on the lower trunks of trees, in Atlantic oak woodland, north of Loch Maree, is 
reduced in cover and species richness inside 17–22 year old exclosures, compared to similar 
habitat outside. Sapling density in open woodland was significantly higher within exclosures 
and the increased shade is thought to be detrimental to lichens of the Lobarion (Coppins 
2001; 2003). Much of the Letterewe woodland comprises stands of even-aged oak with no 
shrub or under-storey beneath the closed canopy. Natural regeneration is unlikely under these 
conditions because of the shade and increased likelihood of invertebrate damage (Milner et 
al. 2002; Palmer et al. 2004). The Atlantic oak woodland at Letterewe would benefit if it was 
managed for its lichen interest. In addition to the exclosures on the open ground above the 
existing woods (to extend the current woodland cover), the even-aged stands of oak could be 
exclosed, a few strategic trees could be pulled over (without removal) to create the necessary 
gap for regeneration and dense sapling growth around trees holding important sources of 
lichen propagules could be managed by intervention thinning. Thus, there would be increased 
insolation, without drastically reducing humidity, to encourage Lobarion lichen development 
on mature trees, and sapling growth (to vary the age structure within the woodland) that will 
one day become suitable for Lobarion colonisation. It would be useful to research how the 
Lobarion lichen assemblage might respond to this management in order to assess its wider 
suitability. This would take the form of a long-term monitoring project and would need 
replication. 
Differences in bryophyte and lichen assemblages on various substrates either side of 
exclosures or along gradients of deer density (in oceanic heath) appear to be responding 
directly or indirectly to the trampling and browsing impacts of red deer. Dung and urine 
could be contributing to the higher graminoid cover on a couple of the Letterewe summits 
and in the extension of grass patches in oceanic heath (when combined with the grazing 
activities of red deer). However, there was no evidence of cryptogam species composition 
changing to an assemblage that favoured nutrient enrichment (where deer were more 
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numerous) in the studies presented in this thesis. Research into the effects of red deer dung 
and urine on cryptogam ecology could still be useful – particularly where this potential 
source of nutrients is concentrated. This could be investigated by applying a range of 
quantities (equivalent to known densities of red deer at a standardised rate) to homogeneous 
oceanic heath vegetation (for example) and monitoring change annually. Repetition would 
again be important. This research could be conducted in the absence of red deer and also 
where the effects of browsing and trampling are simulated to establish which mechanism is 
most important in shifting oceanic heath to grassland. 
Rubbing and scratching damage to bryophytes and lichens on trees and rocks was not 
witnessed at Letterewe (personal observation). Wallowing was evident at Letterewe and the 
impact was locally devastating to cryptogams associated with the peaty ground around boggy 
pools where this occurred (personal observation). However, stags tended to use traditional 
wallowing sites and these were uncommon across the estate (personal observation). 
Predation of lichens by red deer is of low concern when compared to the impacts of 
increasing numbers of reindeer in this regard. Saxicolous lichen species favoured by other 
ungulate herbivores were more abundant outside of exclosures at Letterewe but this could 
mean that succession within exclosures was more detrimental. Six small exclosure cages 
were erected over colonies of the rare lichen Nephroma arcticum on Ruadh-stac Beag, Beinn 
Eighe in 1998 to determine how this rare lichen responded to a complete absence of red deer 
herbivory (Fryday 2001). Red deer predation of this lichen at its only known site in the 
British Isles had been a cause for concern in 1991 (Fryday 1992). Unfortunately, only two of 
the exclosure cages remained by the time of the re-survey in 2005 and these were rather 
dilapidated (Hope 2006). Nephroma arcticum had been completely lost from one of these 
cages (Hope, 2006) which were subsequently dismantled. However, the general population of 
N. arcticum at Ruadh-stac Beag was found to be in good condition with no evidence of 
predation by red deer in 2011, which suggests that the reduced numbers of red deer in recent 
decades were no longer a threat (Moore 2011). 
Comparison of summit moss-heath vegetation, between Letterewe and Beinn Eighe, showed 
that there was no significant difference in the cover and depth of Racomitrium lanuginosum 
associated with the 3-fold difference in deer density between the two estates. Differences in 
lichen cover and diversity were more likely the result of pre-existing conditions in the 
absence of any sign of trampling damage or presence of lichen assemblages favouring 
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nutrient enrichment. The results presented here are consistent with Albon et al (2007) in that 
red deer density was not implicated with damage to summit moss-heath vegetation. Red deer 
densities using the summits at Beinn Eighe and Letterewe are extremely small in contrast to 
the numbers of sheep that have contributed to so much damage to the U10 Carex bigelowii–
Racomitrium lanuginosum moss-heath community in the mountains of Wales (Van der Wal 
et al. 2003; Britton et al. 2005; Pearce et al. 2010). More research at other summits in the 
Highlands where there are no sheep, preferably with higher densities of red deer than at 
Letterewe, would be useful in order to extrapolate these findings beyond the Wester Ross 
study area. The use of exclosures in summit moss-heath vegetation over a period longer than 
that possible for PhD research would provide information on cryptogam response to an 
absence of red deer in this vegetation. A similar approach to the well-replicated design used 
by Austrheim et al. (2007) to study how graminoids and bryophytes responded to the 
exclusion of sheep in the mountains of southern Norway might be adopted for this purpose. 
At time of writing, Scottish Natural Heritage has commissioned work requiring the use of 
exclosures on mountain tops elsewhere in Scotland to assess the impact of red deer and so the 
summit comparisons in this thesis are a timely contribution to this topical area of research. 
This thesis has contributed to the red deer debate through provision of original quantitative 
data concerning the impact of this large herbivore on bryophyte and lichen ecology. It has 
been shown that moderate densities of red deer can have both positive and adverse effects on 
bryophytes and lichens in vegetation typical of northwest Scotland. Research aims have been 
met in the sense that there is now evidence to suggest that increasing numbers of red deer and 
also their management using exclosures can pose a threat to cryptogam assemblages in the 
northwest Highlands. With numbers of red deer at their highest level in recent history 
(MacMillan and Leitch 2008) and the Scottish Government intent on increasing woodland to 
25% of the land area (Perkins et al. 2012), the use of exclosures is likely to remain a popular 
management tool. Therefore, this thesis will assist land-managers with their decision making. 
For example, careful placement of exclosures is recommended to avoid fencing-in notable 
lichen assemblages on saxicolous rocks. However, this thesis also serves as a case study that 
demonstrates the difficulty facing land managers with an interest in nature conservation. 
Management for one taxonomic group may not be appropriate for another. Exclosure of wet 
heath in the short to medium term may be beneficial to hummock-forming Sphagnum and the 
associated liverworts but detrimental to saxicolous lichens of low-lying rocks. An intensive 
and sustained cull of red deer to encourage natural woodland regeneration without the use of 
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exclosures would benefit the Lobarion lichen assemblage but the golden eagle (Aquila 
chrysaetos) population could suffer from a reduced food supply. An overall biodiversity 
assessment for each estate would highlight where conservation management should be 
targeted. This should take into account the national and international reasons to conserve a 
particular taxon and assess the likely impacts of management on other species. There are also 
the socio-economic consequences of conservation management decisions to consider as 
discussed elsewhere (see Milner et al. 2002). 
The direction of research over the next decade is likely to be in the realm of establishing a 
suitable mean density of red deer in particular regions and on specific properties in the 
Scottish Highlands. This will depend on what organisations such as Scottish Natural Heritage 
define as ‘natural heritage’ (Clutton-Brock et al. 2002). The research presented in this thesis 
will assist with making these important decisions. 
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Appendix A - Bryophyte and lichen species list for 192 2 m x 2 m 
quadrats in wet heath vegetation and frequency inside and outside 
exclosures in the Wester Ross study area 
Species Exclosed Grazed Total 
Aneura pinguis 3 3 6 
Anastrophyllum minutum 2 0 2 
Aulacomnium palustre 4 2 6 
Breutelia chrysocoma 22 31 53 
Calliergonella cuspidata 4 2 6 
Calypogeia fissa 34 29 63 
Calypogeia muelleriana 2 2 4 
Calypogeia sphagnicola 2 2 4 
Campyllium stellatum 0 1 1 
Campylopus atrovirens 3 4 7 
Campylopus flexuosus 2 1 3 
Campylopus introflexus 1 0 1 
Cephalozia bicuspidata 8 9 17 
Cephalozia connivens 19 8 27 
Cephalozia leucantha 7 6 13 
Cephalozia loitlesbergeri 19 6 25 
Cephalozia macrostachya s.l. 1 0 1 
Cephalozia pleniceps 0 1 1 
Cephaloziella divaricata 0 1 1 
Cephaloziella hampeana/rubella 2 0 2 
Cladonia arbuscula ssp. squarrosa 1 0 1 
Cladonia portentosa 71 69 140 
Cladonia sp. 2 4 6 
Cladonia squamosa var. squamosa 0 1 1 
Cladonia uncialis ssp. biuncialis 48 49 97 
Cladopodiella fluitans 2 6 8 
Ctenidium molluscum 0 2 2 
Dicranum bonjeanii 2 1 3 
Dicranum majus 3 1 4 
Dicranum scoparium 11 10 21 
Diplophyllum albicans 33 25 58 
Fuscidea lightfootii 2 1 3 
Hylocomium splendens 50 44 94 
Hypnum jutlandicum 86 87 173 
Hypogymnia physodes 5 1 6 
Icmadophila ericetorum 0 1 1 
Kurzia pauciflora 2 1 3 
Kurzia trichoclados 57 53 110 
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Species Exclosed Grazed Total 
Lecanora chlarotera 2 0 2 
Lecanora symmicta 1 0 1 
Lophocolea bidentata 3 1 4 
Lophozia incisa 2 0 2 
Lophozia ventricosa 6 2 8 
Melanellixia glabratula 1 0 1 
Mycoblastus caesius 2 1 3 
Mylia anomala 1 3 4 
Mylia taylorii 48 29 77 
Nowellia curvifolia 2 2 4 
Odontoschisma denudatum 1 0 1 
Odontoschisma sphagni 77 79 156 
Parmelia saxatilis 1 1 2 
Parmelia sulcata 5 1 6 
Pellia sp. 1 1 2 
Peltigera hymenina 3 0 3 
Plagiothecium undulatum 8 7 15 
Pleurozia purpurea 44 52 96 
Pleurozium schreberi 42 45 87 
Pohlia nutans 1 0 1 
Polytrichum commune 1 0 1 
Pseudoscleropodium purum 5 6 11 
Ptilium crista-castrensis 1 0 1 
Pycnothelia papillaria 1 0 1 
Racomitrium lanuginosum 56 67 123 
Rhytidiadelphus loreus 30 27 57 
Rhytidiadelphus triquetrus 1 1 2 
Rhytididelphus squarrosus 17 21 38 
Riccardia chamaedryfolia 7 8 15 
Riccardia latifrons 9 11 20 
Riccardia palmata 2 1 3 
Scapania gracilis 12 5 17 
Scorpidium cossonii 1 0 1 
Sphagnum affine 2 0 2 
Sphagnum angustifolium 2 0 2 
Sphagnum capillifolium ssp. 
rubellum 
90 80 170 
Sphagnum compactum 10 23 33 
Sphagnum contortum 1 0 1 
Sphagnum cuspidatum 10 15 25 
Sphagnum denticulatum 10 6 16 
Sphagnum fallax 3 3 6 
Sphagnum inundatum 7 9 16 
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Species Exclosed Grazed Total 
Sphagnum magellanicum 4 2 6 
Sphagnum palustre 19 21 40 
Sphagnum papillosum 50 48 98 
Sphagnum russowii 10 14 24 
Sphagnum subnitens 36 40 76 
Sphagnum tenellum 65 69 134 
Sphagnum warnstorfii 1 0 1 
Thuidium tamariscinum 12 10 22 
    
    
    
    
    
Selected non-cryptogam 
vegetation 
   
Calluna vulgaris 95 95 190 
Erica tetralix 35 32 67 
Eriophorum sp. 63 64 127 
Molinia caerulea 85 89 174 
Myrica gale 33 41 74 
Trichophorum germanicum 59 69 128 
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Appendix B - Cryptogam and plant species list and frequency from 
300 0.2 m x 0.2 m quadrats on boulder tops that are either 
accessible to or naturally exclude red deer in wet heath vegetation 
Species Deer No deer 
Acarospora fuscata 0 1 
Amygdalaria pelobotryon 3 1 
Anastrepta orcadensis 0 2 
Andreaea rothii ssp. falcata 7 5 
Andreaea rupestris 34 14 
Antitrichia curtipendula 0 4 
Arthrorhaphis citronella 2 1 
Aspicillia caesiocinerea 8 3 
Bazzania tricrenata 1 6 
Breutelia chrysocoma 11 5 
Bryum capillare 0 1 
Bryoria bicolor 0 3 
Calvitimela aglaea 7 2 
Calypogeia muelleriana 1 0 
Calypogeia sphagnicola 0 1 
Campylopius atrovirens 9 1 
Campylopus flexuosus 5 2 
Catillaria contristans 1 0 
Cephalozia bicuspidata 2 2 
Cephalozia connivens 0 1 
Cephaloziella divaricata 0 1 
Cetraria aculeata 7 1 
Cladonia arbuscula ssp. squarrosa 0 2 
Cladonia bellidiflora 1 8 
Cladonia cervicornis ssp. verticillata 2 0 
Cladonia chlorophaea 0 3 
Cladonia ciliata var. ciliata 0 1 
Cladonia crispata var. cetrariiformis 1 1 
Cladonia diversa 19 17 
Cladonia furcata 7 13 
Cladonia gracilis 1 4 
Cladonia incrassata 0 1 
Cladonia macilenta 1 2 
Cladonia polydactyla  1 5 
Cladonia portentosa 12 23 
Cladonia pyxidata 1 1 
Cladonia sp. 13 6 
Cladonia sp. B 1 0 
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Species Deer No deer 
Cladonia squamosa 6 4 
Cladonia subcervicornis 37 20 
Cladonia subulata 2 2 
Cladonia uncialis ssp. biuncialis 14 9 
Clauzadeana macula 2 0 
Cornicularia normoerica 0 1 
Crust on Calluna 1 0 
Dibaeis baeomyces 3 1 
Dicranum fuscescens 2 8 
Dicranum scoparium 10 24 
Dicranum majus 0 3 
Diplophyllum albicans 19 18 
Douinia ovata 0 2 
Ephebe lanata 3 0 
Frullania tamarisci 1 1 
Fuscidea cyathoides 35 17 
Fuscidea kochiana 1 0 
Fuscidea lygaea 11 1 
Grimmia ramondii 4 1 
Gymnomitrion crenulatum 5 3 
Gymnomitrion obtusum 1 0 
Hedwigia stellata 0 6 
Herbertus hutchinsiae 1 6 
Hylocomium splendens 10 38 
Hylocomiastrum umbratum 0 1 
Hypnum andoi 15 34 
Hypnum jutlandicum 16 38 
Hypogymnia physodes 0 2 
Icmadophila ericetorum 1 0 
Immersaria arthroocarpa 5 1 
Ionaspis lacustris 2 1 
Isothecium myosuroides var. 
myosuroides 
0 2 
Kurzia trichoclados 1 1 
Lecidella asema 0 1 
Lecidea grisella 4 1 
Lecidea fuscoatra 4 1 
Lecidea plana 1 0 
Lecidea lapicida 1 0 
Lecidea lithophylla 27 12 
Lecanora gangaleoides 1 1 
Lecanora intricata 7 1 
Lecanora polytropa 42 26 
Lophozia excisa 0 1 
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Species Deer No deer 
Lophozia sudetica 0 1 
Marsupella emarginata 1 0 
Massalongia carnosa 1 0 
Mastigophora woodsii 0 1 
Micarea lignaria var. lignaria 2 1 
Mylia taylorii 8 0 
Nardia scalaris 1 0 
Ochrolechia androgyna 10 3 
Ochrolechia tartarea 5 2 
Odontoschisma sphagni 2 1 
Ophioparma ventosa 6 4 
Parmelia omphalodes 18 4 
Parmelia saxatilis 9 11 
Parmelia sulcata 0 1 
Pellia sp. 1 0 
Pertusaria corallina 50 15 
Pertusaria pseudocorallina 1 0 
Pilophorus strumaticus 1 0 
Plagiothecium undulatum 0 1 
Pleurozia purpurea 17 3 
Pleurozium schreberi 2 19 
Polytrichastrum alpinum 0 1 
Polytrichum juniperinum 3 0 
Polytrichum piliferum 3 4 
Porpidia cinereoatra 7 5 
Porpidia melinodes 38 4 
Porpidia sp. 5 0 
Porpidia tuberculosa 25 7 
Protoparmelia badia 5 2 
Pseudephebe pubescens 8 2 
Ptilidium ciliare 0 2 
Ptilium crista-castrensis 0 2 
Racomitrium aquaticum 1 2 
Racomitrium fasciculare 19 8 
Racomitrium heterostichum 43 16 
Racomitrium sudeticum 7 4 
Racomitrium lanuginosum 88 109 
Rhizocarpon geographicum 48 19 
Rhizocarpon lecanorinum 2 0 
Rhizocarpon oederi 13 1 
Rhizocarpon reductum 28 4 
Rhytidiadelphus loreus 11 46 
Scapania gracilis 14 21 
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Species Deer No deer 
Schaereria fuscocinerea 4 1 
Sphaerophorus fragilis 2 0 
Sphaerophorus globosus 9 9 
Sphagnum capillifolium ssp. rubellum 1 0 
Sphagnum inundatum 1 0 
Sphagnum quinquefarium 4 12 
Sphagnum tenellum 2 0 
Stereocaulon dactylophyllum 2 0 
Stereocaulon vesuvianum 35 13 
Tephromela atra 5 4 
Thuidium tamariscinum 3 3 
Tortella tortuosa 1 0 
Trapelia coarctata 7 1 
Trapeliopsis granulosa 1 0 
Trapelia placodioides 10 5 
Tremolecia atrata 13 5 
Tritomaria exsectiformis 0 1 
Tritomaria quinquedentata 0 1 
Umbilicaria cylindrica 0 1 
Umbilicaria polyrrhiza 1 0 
Umbilicaria proboscidea 0 1 
Umbilicaria torrefacta 0 2 
Unidentified lichen A 15 14 
Unidentified lichen B 8 3 
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Other vegetation Deer No deer 
Arctostaphylos uva-ursi 0 1 
Calluna vulgaris 56 88 
Empetrum nigrum 1 29 
Erica cinerea 13 24 
Erica tetralix 1 0 
Huperzia selago 2 1 
Hymenophyllum wilsonii 0 1 
Juniperus communis 0 1 
Molinia caerulea 8 8 
Narthecium ossifragum 5 0 
Polypodium vulgare 0 7 
Potentilla erecta 15 10 
Prunella vulgaris 3 0 
Salix herbacea 0 1 
Sorbus aucuparia 2 3 
Succissa pratensis 0 3 
Thymus polytrichus 1 0 
Trichophorum germanicum 17 14 
Vaccinium myrtillus 11 52 
Carex binervis 1 6 
Other grass 7 12 
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Appendix C Relationship between bryophyte species richness of the entire 
boulder top and important explanatory variables. Bryophyte species richness was 
significantly higher on boulder tops that were inaccessible to red deer (upper line in 
each graph). There was a significant positive relationship with boulder top area (top 
left). Bryophyte species richness significantly decreased with increasing altitude (top 
right) and there was a significant positive relationship with connectivity (bottom left). 
Triangles indicate data points from boulder tops that were accessible to red deer and 
dots for those that were not 
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Appendix D Relationship between lichen species richness of the entire boulder 
top and important explanatory variables. Lichen species richness was significantly 
higher on boulder tops that were inaccessible to red deer (upper line in each graph). 
There was a significant positive relationship with altitude (top left) and boulder height 
(top right). There was a significant quadratic function remaining in the model for 
connectivity (bottom left). Triangles indicate data points from boulder tops that were 
accessible to red deer and dots for those that were not 
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Appendix E - Cryptogam taxa recorded from 100 boulder tops at 
Letterewe, Wester Ross 
Acarospora fuscata  Cladonia macilenta 
Amygdalaria pelobotryon  Cladonia polydactyla  
Anastrepta orcadensis  Cladonia portentosa 
Anastrophyllum minutum  Cladonia pyxidata 
Andreaea rothii ssp. falcata  Cladonia ramulosa 
Andreaea rupestris  Cladonia squamosa 
Antitrichia curtipendula  Cladonia subcervicornis 
Arthrorhaphis citrinella  Cladonia subulata 
Aspicillia caesiocinerea  Cladonia sulphurina 
Baeomyces rufus  Cladonia uncialis ssp. biuncialis 
Bazzania tricrenata  Clauzadeana macula 
Breutelia chrysocoma  Cornicularia normoerica 
Bryoria bicolor  Dibaeis baeomyces 
Bryoria fuscescens  Dicranoweisia crispula 
Bryum capillare  Dicranum fuscescens 
Buellia aethalea  Dicranum majus 
Calvitimela aglaea  Dicranum scoparium 
Calypogeia fissa  Diplophyllum albicans 
Calypogeia muelleriana  Douinia ovata 
Calypogeia sphagnicola  Ephebe lanata 
Campylopius atrovirens  Fissidens dubius 
Campylopus flexuosus  Frullania tamarisci 
Catillaria contristans  Fuscidea cyathoides 
Cephalozia bicuspidata  Fuscidea kochiana 
Cephalozia connivens  Fuscidea lygaea 
Cephaloziella divaricata  Grimmia ramondii 
Cetraria aculeata  Gymnomitrion crenulatum 
Cladonia arbuscula ssp. squarrosa  Gymnomitrion obtusum 
Cladonia bellidiflora  Hedwigia stellata 
Cladonia cervicornis ssp. verticillata  Herbertus hutchinsiae 
Cladonia chlorophaea  Hylocomiastrum umbratum 
Cladonia ciliata var. ciliata  Hylocomium splendens 
Cladonia ciliata var. tenuis  Hypnum andoi 
Cladonia crispata var. cetrariiformis  Hypnum cupressiforme 
Cladonia diversa  Hypnum jutlandicum 
Cladonia fimbriata  Hypogymnia physodes 
Cladonia floerkeana  Hypogymnia tubulosa 
Cladonia furcata  Icmadophila ericetorum 
Cladonia gracilis  Immersaria arthroocarpa 
Cladonia incrassata  Ionaspis lacustris 
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Isothecium myosuroides var. 
brachythecioides 
Pertusaria pseudocorallina 
Isothecium myosuroides var. 
myosuroides 
 Physcia stellaris 
Kurzia trichoclados  Pilophorus strumaticus 
Lecanora chlarotera  Placopsis lambii 
Lecanora gangaleoides  Placynthiella icmalea 
Lecanora intricata  Plagiochila carringtonii 
Lecanora polytropa  Plagiochila spinulosa 
Lecidea fuscoatra  Plagiothecium undulatum 
Lecidea grisella  Platismatia glauca 
Lecidea lapicida  Platismatia norvegica 
Lecidea lithophylla  Pleurozia purpurea 
Lecidea plana  Pleurozium schreberi 
Lecidella asema  Pogonatum urnigerum 
Lecidella elaeochroma  Pohlia nutans 
Lepidozia pearsonii  Polytrichastrum alpinum 
Lepidozia reptans  Polytrichastrum formosum  
Lepraria caesioalba  Polytrichum commune 
Lichenomphalia hudsoniana  Polytrichum juniperinum 
Lophozia excisa  Polytrichum piliferum 
Lophozia sudetica  Porpidia cinereoatra 
Lophozia ventricosa  Porpidia macrocarpa 
Marsupella emarginata  Porpidia melinodes 
Massalongia carnosa  Porpidia tuberculosa 
Mastigophora woodsii  Protoparmelia badia 
Melanelixia fuliginosa  Pseudephebe pubescens 
Melanelixia glabratula  Pseudoscleropodium purum 
Metzgeria furcata  Ptilidium ciliare 
Micarea lignaria var. endoleuca  Ptilium crista-castrensis 
Micarea lignaria var. lignaria  Pycnothelia papillaris 
Mycoblastus affinis  Pyrenula occidentalis 
Mylia taylorii  Racomitrium aquaticum 
Nardia scalaris  Racomitrium fasciculare 
Ochrolechia androgyna  Racomitrium heterostichum 
Ochrolechia tartarea  Racomitrium lanuginosum 
Odontoschisma sphagni  Racomitrium sudeticum 
Ophioparma ventosa  Rhizocarpon geographicum 
Parmelia omphalodes  Rhizocarpon lecanorinum 
Parmelia saxatilis  Rhizocarpon oederi 
Parmelia sulcata  Rhizocarpon reductum 
Pellia sp.  Rhytidiadelphus loreus 
Pertusaria corallina  Riccardia latifrons 
Pertusaria leioplaca  Scapania gracilis 
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Scapania umbrosa 
Schaereria fuscocinerea 
Sphaerophorus fragilis 
Sphaerophorus globosus 
Sphagnum capillifolium ssp. rubellum 
Sphagnum denticulatum 
Sphagnum inundatum 
Sphagnum quinquefarium 
Sphagnum subnitens 
Sphagnum tenellum 
Stereocaulon dactylophyllum 
Stereocaulon vesuvianum 
Tephromela atra 
Thuidium tamariscinum 
Tortella tortuosa 
Trapelia coarctata 
Trapelia involuta 
Trapelia placodioides 
Trapeliopsis granulosa 
Trapeliopsis pseudogranulosa 
Tremolecia atrata 
Tritomaria exsectiformis 
Tritomaria quinquedentata 
Ulota bruchii 
Ulota crispa 
Ulota phyllantha 
Umbilicaria cylindrica 
Umbilicaria polyphylla 
Umbilicaria polyrrhiza 
Umbilicaria proboscidea 
Umbilicaria torrefacta 
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Appendix F Relationship between total bryophyte cover within quadrats on each 
boulder top and important explanatory variables. There was significantly greater 
bryophyte cover on boulder tops that were inaccessible to red deer (represented by 
the upper line in each graph). There was a highly significant positive relationship 
between arcsine bryophyte cover and mean shrub height (top left). A significant 
negative quadratic function remained in the model for mean arcsine shrub cover (top 
right). There was a significant negative relationship with connectivity (bottom left). 
Triangles indicate data points from boulder tops that were accessible to red deer and 
dots for those that were not 
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Appendix G Relationship between mean bryophyte diversity within quadrats on 
each boulder top and important explanatory variables. There was a significantly 
positive quadratic function for mean shrub height (top left) and positive relationships 
with mean arcsine shrub cover (top right) and litter cover (bottom left). Triangles 
indicate data points from boulder tops that were accessible to red deer and dots 
represent data collected from those that were not 
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Appendix H Relationship between mean lichen diversity within quadrats on each 
boulder top and important explanatory variables. There were significant negative 
relationships with bryophyte cover (top left), mean shrub height (top right) and litter 
cover (bottom left). There was also a significant positive relationship between lichen 
diversity and altitude (bottom right). Triangles indicate data points from boulder tops 
that were accessible to red deer and dots for those that were not  
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Appendix I - Cryptogam and plant species list and frequency in 330 
0.04 m2 quadrats on low-lying rocks in wet heath vegetation for 
each level of treatment in the Wester Ross study area 
SPECIES Exclosed Grazed 
Acarospora fuscata 1 11 
Acarospora smaragdula 0 1 
Amygdalaria pelobotryon 7 1 
Anastrophyllum minutum 2 1 
Andreaea rothii 0 1 
Andreaea rupestris 11 16 
Arthrorhaphis citrinella 3 1 
Aspicillia caesiocinerea 10 18 
Aspicillia laevata 1 0 
Baeomyces rufus 2 0 
Barbilophozia barbata 1 1 
Barbilophozia floerkei 1 0 
Breutelia chrysocoma 2 5 
Bryoria bicolor 0 1 
Bryoria fuscescens 0 1 
Buellia aethalea 6 7 
Buellia stellulata 1 1 
Calvitimela aglaea 5 13 
Campylopus atrovirens 1 2 
Campylopus flexuosus 2 0 
Cephaloziella divaricata 4 5 
Cetraria aculeata 2 1 
Cladonia arbuscula ssp. squarrosa 1 0 
Cladonia cervicornis ssp. verticillata 2 0 
Cladonia bellidiflora 2 4 
Cladonia chlorophaea 4 3 
Cladonia crispata 1 0 
Cladonia diversa 33 35 
Cladonia fimbriata 0 1 
Cladonia floerkeana 4 0 
Cladonia furcata 3 3 
Cladonia gracilis 3 4 
Cladonia macilenta 3 5 
Cladonia polydactyla 1 6 
Cladonia portentosa 40 33 
Cladonia pyxidata 2 1 
Cladonia sp. 8 7 
Cladonia squamosa  1 4 
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SPECIES Exclosed Grazed 
Cladonia subcervicornis 20 26 
Cladonia uncialis ssp. biuncialis 5 10 
Clauzadeana macula 2 16 
Cornicularia normoerica 1 7 
Dicranum fuscescens 1 1 
Dicranum majus 0 0 
Dicranum scoparium 20 35 
Diplophyllum albicans 15 12 
Douinia ovata 1 2 
Ephebe lanata 0 1 
Frullania tamarisci 9 5 
Fuscidea cyathoides 119 166 
Fuscidea gothoburgensis 1 0 
Fuscidea kochiana 1 5 
Fuscidea lygaea 9 12 
Grimmia trichophylla 0 1 
Gymnomitrion crenulatum 1 0 
Hedwigia stellata 8 17 
Hylocomium splendens 30 15 
Hypnum andoi 70 70 
Hypnum cupressiforme 7 21 
Hypnum jutlandicum 33 13 
Hypogymnia physodes 4 17 
Hypotrachyna taylorensis 0 3 
Immersaria athroocarpa 1 3 
Ionaspis lacustris 0 2 
Isothecium myosuroides var. 
myosuroides 
8 4 
Kiaeria blyttii 0 2 
Kurzia trichoclados 0 1 
Lecanora gangaleoides 0 1 
Lecidea diducens 0 6 
Lecidea fuscoatra 4 6 
Lecidea grisella 1 4 
Lecidea lithophila 12 11 
Lecidea sp. 0 3 
Lecanora intricata 9 21 
Lecanora polytropa 52 90 
Lepraria sp. 2 5 
Lepraria caesioalba 0 5 
Lophozia excisa 2 1 
Lophozia ventricosa 2 2 
Melanelixia fuliginosa 2 4 
Micarea lignaria var. endoleuca 1 0 
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SPECIES Exclosed Grazed 
Micarea lignaria var. lignaria 2 2 
Miriquidica leucophaea 0 4 
Ochrolechia androgyna 15 34 
Ochrolechia sp. 1 3 
Ochrolechia tartarea 25 24 
Odontoschisma denudatum 0 1 
Ophioparma ventosum 15 10 
Parmelia omphalodes 127 160 
Parmelia saxatilis 32 53 
Parmelia sulcata 1 1 
Peltigera hymenina 1 0 
Pertusaria corallina 97 117 
Pertusaria pseudocorallina 2 11 
Placynthiella icmalea 2 0 
Plagiothecium undulatum 1 0 
Platismatia glauca 1 3 
Pleurozia purpurea 3 0 
Pleurozium schreberi 22 9 
Polytrichastrum formosum 1 1 
Polytrichum juniperinum 0 1 
Polytrichum piliferum 2 2 
Porpidia sp. A 5 15 
Porpidia sp. B 0 2 
Porpidia cinereoatra 7 28 
Porpidia crustulata 0 1 
Porpidia macrocarpa 1 2 
Porpidia melinodes 12 13 
Porpidia tuberculosa 62 75 
Protoparmelia badia 11 17 
Pseudephebe pubescens 1 5 
Pseudoscleropodium purum 7 0 
Racomitrium fasciculare 15 33 
Racomitrium heterophyllum 19 27 
Racomitrium lanuginosum 173 139 
Racomitrium sudeticum 4 6 
Rhizocarpon geographicum 103 141 
Rhizocarpon lavatum 0 1 
Rhizocarpon lecanorinum 0 8 
Rhizocarpon oederi 1 2 
Rhizocarpon reductum 16 35 
Rhytidiadelphus loreus 10 2 
Rhytidiadelphus triquetrus 0 0 
Scapania gracilis 35 28 
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SPECIES Exclosed Grazed 
Scapania scandica 2 0 
Scapania umbrosa 0 1 
Schaereria fuscocinerea 2 7 
Sphagnum capillifolium ssp. 
rubellum 
0 1 
Sphaerophorus fragilis 0 2 
Sphaerophorus globosus 18 47 
Sphagnum quinquefarium 2 1 
Sphagnum subnitens 0 1 
Stereocaulon dactylophyllum 6 9 
Stereocaulon evolutum 1 1 
Stereocaulon vesuvianum 20 27 
Tephromela atra 3 2 
Thuidium tamariscinum 10 15 
Trapelia coarctata 5 16 
Trapelia placodioides 2 4 
Tremolecia atrata 0 1 
Tetraplodon mnioides 1 0 
Tritomaria exsectiformis 1 0 
Umbilicaria cylindrica 2 3 
Umbilicaria polyphylla 9 11 
Umbilicaria polyrrhiza 8 18 
Umbilicaria proboscidea 1 1 
Umbilicaria torrefacta 12 25 
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Other Vegetation Exclosed Grazed 
Betula pubescens 0 2 
Blechnum spicant 1 2 
Calluna vulgaris 110 67 
Carex sp. 1 0 
Dactylorhiza maculata 2 0 
Erica cinerea 35 25 
Erica tetralix 3 4 
Eriophorum angustifolium 3 1 
Festuca sp. 5 0 
Galium saxatilis 3 1 
Hedera helix 1 2 
Lotus pedunculatus 2 0 
Molinia caerulea 48 16 
Myrica gale 0 1 
Potentilla erecta 10 7 
Sorbus aucuparia 3 0 
Succissa pratensis 4 0 
Thymus praecox 4 0 
Trichophorum germanicum 9 9 
Vaccinium myrtillus 9 0 
Viola riviniana 1 0 
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Appendix J - Cryptogam species list and frequency in 20 1 m x 1 m 
quadrats from each side of the exclosure at the John Muir Trust's 
Knoydart property 
SPECIES Exclosed Grazed 
Anastrepta orcadensis * 0 3 
Anastrophyllum minutum 0 2 
Andreaea rothii var. falcata 0 1 
Aneura pinguis 1 0 
Bazzania tricrenata * 0 6 
Bazzania trilobata 1 0 
Breutelia chrysocoma 14 19 
Calypogeia arguta 0 1 
Calypogeia fissa 4 1 
Calypogeia muelleriana 1 2 
Campylopus atrovirens 2 3 
Cephalozia bicuspidata 0 4 
Cephalozia leucantha 0 2 
Cephalozia lunulifolia 0 1 
Cladonia portentosa 1 6 
Cladonia subcervicornis 0 1 
Cladonia uncialis ssp. biuncialis 0 1 
Ctenidium molluscum 1 1 
Dicranodontium uncinatum 1 9 
Dicranum majus 7 4 
Dicranum scoparium 0 1 
Diplophyllum albicans 6 16 
Fissidens dubius 1 0 
Gymnomitrion sp.  0 1 
Herbertus hutchinsiae * 1 11 
Hookeria lucens 1 1 
Hylocomium splendens 15 13 
Hyocomium armoricum 3 1 
Hypnum andoi 1 0 
Hypnum jutlandicum 14 12 
Kurzia trichoclados 1 3 
Lepidozia pearsonii * 0 1 
Leucobryum glaucum 2 1 
Loeskeobryum brevirostre 4 0 
Lophocolea bidentata 2 0 
   
* Species associated with the hepatic mat community 
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SPECIES Exclosed Grazed 
Lophozia ventricosa 0 3 
Mnium hornum 1 1 
Mylia taylorii * 0 3 
Pellia sp.  2 4 
Peltigera membranacea 1 0 
Plagiothecium undulatum 5 2 
Pleurozia purpurea * 1 3 
Pleurozium schreberi 7 9 
Polytrichastrum formosum 0 1 
Pseudoscleropodium purum 1 1 
Racomitrium fasciculare 1 0 
Racomitrium lanuginosum 2 13 
Rhytidiadelphus loreus 10 10 
Rhytidiadelphus squarrosus 1 1 
Riccardia sp. 1 2 
Riccardia multifida 1 0 
Saccogyna viticulosa 2 1 
Scapania gracilis * 2 4 
Scapania umbrosa 0 1 
Scapania undulata 1 0 
Sphagnum capillifolium ssp. rubellum 5 11 
Sphagnum compactum 0 3 
Sphagnum denticulatum 2 3 
Sphagnum girgensohnii 0 1 
Sphagnum inundatum 0 4 
Sphagnum palustre 5 5 
Sphagnum papillosum 1 0 
Sphagnum quinquefarium 10 11 
Sphagnum russowii 0 1 
Sphagnum squarrosum 1 0 
Sphagnum subnitens 3 7 
Sphagnum tenellum 1 5 
Thuidium tamariscinum 13 9 
Trichostomum tenuirostre 1 0 
   
* Species associated with the hepatic mat community 
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Appendix K - Bryophyte and lichen species list and frequency in 30 
1 m x 1 m quadrats in oceanic heath vegetation at each of the 
Wester Ross study areas 
Species Bealach a' 
Chùirn 
Beinn 
Eighe 
Doire 
Crionaich 
Liathach 
Anastrophyllum donnianum 1 5 0 0 
Anastrophyllum minutum 0 2 1 2 
Anastrepta orcadensis 19 16 19 13 
Aneura pinguis 0 1 0 0 
Andreaea rupestris 0 1 3 2 
Baeomyces rufus 1 0 0 0 
Barbilophozia floerkei 0 5 0 0 
Bazzania pearsonii 9 9 0 17 
Bazzania tricrenata 17 20 20 10 
Breutelia chrysocoma 11 2 25 3 
Calypogeia arguta 0 0 0 2 
Calypogeia fissa 4 2 6 4 
Calypogeia muelleriana 1 4 1 6 
Campylopus flexuosus 2 2 0 0 
Cephalozia bicuspidata 3 0 6 12 
Cephalozia pleniceps 0 0 1 0 
Cetraria islandica 0 2 0 0 
Cladonia arbuscula ssp. 
subsquarrosa 
5 2 0 0 
Cladonia bellidiflora 2 0 1 3 
Cladonia chlorophaea 2 0 0 0 
Cladonia diversa 1 2 1 2 
Cladonia furcata 7 6 2 4 
Cladonia macilenta 0 0 0 1 
Cladonia portentosa 12 23 1 9 
Cladonia pyxidata 0 0 0 1 
Cladonia squamosa 1 2 0 1 
Cladonia subcervicornis 1 1 1 1 
Cladonia uncialis ssp. biuncialis 16 26 3 15 
Ctenidium molluscum 1 0 2 0 
Dicranum majus 12 6 11 7 
Dicranum scoparium 16 17 10 9 
Dicranodontium uncinatum 12 7 2 15 
Diplophyllum albicans 28 25 23 25 
Entosthodon obtusus 0 0 1 1 
Ephebe lanata 0 0 0 1 
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Species Bealach a' 
Chùirn 
Beinn 
Eighe 
Doire 
Crionaich 
Liathach 
Fissidens dubius 0 0 4 0 
Frullania tamarisci 2 0 5 0 
Herbertus hutchinsiae 15 23 21 26 
Herbertus borealis 0 2 0 0 
Heterocladium heteropterum var. 
heteropterum 
1 0 1 0 
Hookeria lucens 1 0 2 0 
Hylocomium splendens 29 23 30 24 
Hylocomiastrum umbratum 0 0 1 0 
Hypnum andoi 0 0 1 0 
Hypnum callichroum 1 0 4 0 
Hypnum jutlandicum 27 28 28 25 
Isothecium myosuroides var. 
brachythecioides 
1 0 2 0 
Isothecium myosuroides var. 
myosuroides 
3 0 3 1 
Kindbergia praelonga 0 0 1 0 
Kurzia trichoclados 9 10 4 13 
Lejuenea patens 0 0 1 1 
Lepidozia pearsonii 14 10 7 10 
Lichenomphalia umbellifera 0 4 0 1 
Lophozia excisa 1 0 0 0 
Lophozia incisa 0 3 1 0 
Lophozia ventricosa 3 2 1 2 
Marsupella emarginata 0 0 0 2 
Mastigophora woodsii 6 2 5 11 
Mnium hornum 0 0 5 0 
Mylia taylorii 15 15 5 11 
Nardia scalaris 0 0 1 1 
Parmelia saxatilis 0 0 1 0 
Pellia sp. 0 1 2 12 
Peltigera hymenina 3 0 4 0 
Plagiochila carringtonii 20 14 11 12 
Plagiochila spinulosa 8 1 7 1 
Plagiothecium undulatum 11 6 2 20 
Pleurozia purpurea 18 25 11 26 
Pleurozium schreberi 17 9 16 2 
Polytrichastrum alpinum 1 0 1 0 
Polytrichastrum formosum 7 1 8 0 
Polytrichum commune 1 0 0 0 
Pseudotaxiphyllum elegans 1 0 0 1 
Ptilium crista-castrensis 3 0 3 0 
Racomitrium fasciculare 0 0 7 0 
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Species Bealach a' 
Chùirn 
Beinn 
Eighe 
Doire 
Crionaich 
Liathach 
Racomitrium lanuginosum 29 28 23 27 
Rhizomnium punctatum 1 0 2 0 
Rhytidiadelphus loreus 29 22 28 21 
Rhytidiadelphus squarrosus 0 0 4 0 
Riccardia latifrons 0 0 1 1 
Riccardia multifida 0 0 0 2 
Riccardia palmata 0 3 0 0 
Saccogyna viticulosa 0 0 1 0 
Sarmentypnum sarmentosum 0 1 0 0 
Scapania gracilis 27 27 20 17 
Scapania nimbosa 3 2 0 3 
Scapania ornithopodioides 12 13 6 8 
Scapania undulata 2 1 0 0 
Sphagnum capillifolium ssp. 
rubellum 
29 22 23 25 
Sphagnum denticulatum 0 2 0 1 
Sphagnum inundatum 0 0 2 6 
Sphagnum palustre 0 1 0 2 
Sphagnum quinquefarium 5 4 0 0 
Sphagnum russowii 0 1 0 0 
Sphagnum subnitens 0 10 3 5 
Sphagnum tenellum 2 13 0 3 
Splachnum sphaericum 0 0 0 2 
Stereocaulon vesuvianum 0 0 1 2 
Thuidium tamariscinum 5 2 19 5 
Tortella tortuosa 0 0 5 0 
Trapeliopsis pseudogranulosa 1 0 0 0 
Trichostomum brachydontium 0 0 1 0 
Trichostomum tenuirostre 0 0 1 0 
Tritomaria quinquedentata 3 2 3 0 
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Appendix L - Bryophyte and lichen species list and frequency in 30 
1 m x 1 m quadrats on moss-heath vegetation at each of the six 
summit locations in Wester Ross 
Species BL MG (NW) BAC CM SD MG (P) 
Allantoparmelia alpicola 0 3 0 0 0 0 
Allectoria nigricans 0 5 0 0 0 6 
Anastrepta orcadensis 1 3 1 3 0 0 
Andreaea rothii 2 0 1 0 2 0 
Andreaea rupestris 16 1 10 1 7 0 
Anthelia julacea 2 0 0 0 0 0 
Aulacomnium turgidum 0 1 0 0 0 0 
Baeomyces rufus 0 0 0 0 1 0 
Barbilophozia floerkei 0 3 0 6 1 1 
Campylopus atrovirens 1 0 0 0 1 0 
Campylopus brevipilus 0 1 0 0 0 0 
Campylopus flexuosus 0 1 1 0 9 18 
Cephaloziella divaricata 1 1 0 0 0 0 
Cetraria aculeata 5 11 2 1 13 3 
Cetraria islandica 15 15 27 25 3 6 
Cladonia arbuscula 1 9 3 2 1 4 
Cladonia bellidiflora 2 1 2 5 0 3 
Cladonia chlorophaea 1 1 0 0 0 0 
Cladonia ciliata 0 1 0 0 0 0 
Cladonia crispata 0 0 1 0 0 0 
Cladonia diversa 4 10 4 12 18 22 
Cladonia furcata 0 10 4 7 3 7 
Cladonia gracilis 3 4 0 0 2 0 
Cladonia portentosa 0 1 2 0 0 0 
Cladonia pyxidata 0 0 0 1 0 0 
Cladonia squamosa 0 0 2 1 1 0 
Cladonia sp. 7 11 9 8 0 0 
Cladonia subcervicornis 8 20 8 5 24 16 
Cladonia uncialis ssp. 
biuncialis 
15 27 23 26 20 18 
          
BL             Beinn Lair           
MG (NW)  Meall a’ Ghiuthais             
                 northwest face 
      
BAC          Beinn Airigh Charr       
CM            Cὸinneach Mhὸr       
SD            Sgùrr Dubh       
MG (P)     Meall a’ Ghiuthais             
                 plateau 
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Species BL MG (NW) BAC CM SD MG (P) 
Dibaeis baeomyces 1 1 3 0 0 0 
Dicranella heteromalla 0 0 0 2 0 0 
Dicranum fuscescens 0 7 3 4 0 0 
Dicranum scoparium 3 5 6 6 1 0 
Diplophyllum albicans 25 24 2 7 11 23 
Frullania tamarisci 0 0 1 0 2 0 
Frutidella caesioatra 0 0 0 0 0 5 
Hylocomium splendens 0 2 8 14 0 0 
Hypnum callichroum 0 0 7 13 0 0 
Hypnum cupressiforme 0 2 3 0 0 0 
Hypnum jutlandicum 0 3 1 1 1 0 
Isothecium myosuroides 
var. brachythecioides 
0 0 1 0 0 0 
Isothecium myosuroides 
var. myosuroides 
0 1 0 0 0 0 
Kiaeria starkei 0 0 0 1 0 0 
Lecidoma demissum 0 0 0 0 0 1 
Lichenomphalia alpina 0 0 0 3 0 4 
Lichenomphalia hudsoniana 0 6 0 2 0 8 
Lophozia sudetica 0 5 0 1 1 3 
Lophozia ventricosa 0 1 1 1 0 0 
Marsupella sp. 0 0 0 1 0 0 
Micarea turfosa 1 0 0 0 0 0 
Micarea lignaria var. lignaria 0 0 0 0 1 0 
Mnium hornum 0 2 0 0 0 0 
Mylia taylorii 0 7 0 0 0 0 
Nardia scalaris 4 0 1 5 2 0 
Ochrolechia androgyna 0 2 0 5 0 0 
Ochrolechia frigida 0 14 1 0 9 8 
Ochrolechia tartarea 23 9 6 0 30 5 
Oligotrichum hercynicum 1 0 0 0 1 0 
          
BL             Beinn Lair        
MG (NW)  Meall a’ Ghiuthais             
                 northwest face 
         
BAC          Beinn Airigh Charr       
CM            Cὸinneach Mhὸr       
SD            Sgùrr Dubh       
MG (P)     Meall a’ Ghiuthais             
                 Plateau 
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Species BL MG (NW) BAC CM SD MG (P) 
Parmelia omphalodes 0 2 0 1 2 0 
Peltigera hymenina 0 0 0 6 0 0 
Pertusaria dactylina 0 0 0 0 1 1 
Pertusaria glomerata 0 0 1 0 0 0 
Plagiothecium undulatum 0 0 0 1 0 0 
Pleurozium schreberi 2 2 2 7 0 0 
Pogonatum urnigerum 0 0 0 1 0 0 
Pohlia nutans 1 4 1 2 1 2 
Polytrichastrum alpinum 6 16 14 21 7 17 
Polytrichum commune 0 0 0 2 0 0 
Polytrichum juniperinum 7 0 0 0 0 0 
Polytrichum piliferum 14 3 6 2 13 1 
Ptilium ciliare 2 1 0 0 0 0 
Racomitrium fasciculare 4 0 4 4 0 0 
Racomitrium heterostichum 16 4 5 3 0 0 
Racomitrium lanuginosum 30 30 30 30 30 30 
Racomitrium sudeticum 0 0 0 0 0 2 
Rhytidiadelphus loreus 1 3 8 22 0 0 
Rhytidiadelphus squarrosus 0 0 1 1 0 0 
Scapania scandica 0 0 1 3 0 0 
Sphaerophorus globosus 0 5 4 5 19 0 
Stereocaulon condensatum 0 0 2 1 0 0 
Stereocaulon vesuvianum 29 5 8 1 23 0 
Tetralophozia setiformis 0 0 0 0 1 0 
Thamnolia vermicularis 6 3 2 0 1 1 
Tritomaria quinquedentata 0 0 0 1 0 0 
          
BL             Beinn Lair           
MG (NW)  Meall a’ Ghiuthais             
                 northwest face 
         
BAC          Beinn Airigh Charr       
CM            Cὸinneach Mhὸr       
SD            Sgùrr Dubh       
MG (P)     Meall a’ Ghiuthais             
                 plateau 
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Appendix M - Cryptogam species list and frequency in 360 0.04 m2 
quadrats on oak trees in woodland, north of Loch Maree, Wester 
Ross, for each level of treatment 
SPECIES Exclosed Grazed 
Acrocordia gemmata 18 9 
Anisomeridium biforme 1 0 
Bazzania trilobata 1 0 
Bryum capillare 0 1 
Bryoria fuscescens 1 0 
Calicium glaucellum 0 1 
Candelariella reflexa 1 1 
Catinaria atropurpurea 1 3 
Cladonia chlorophaea 40 31 
Cladonia coniocraea 5 4 
Cladonia polydactyla 4 9 
Cladonia sp. 78 89 
Collema furfuraceum 5 0 
Collema subflaccidum 3 2 
Degelia atlantica 5 19 
Degelia cyanoloma 1 7 
Degelia plumbea 2 12 
Dicranum majus 5 4 
Dicranum scoparium 31 35 
Dimerella lutea 3 2 
Eurhynchium striatum 7 2 
Evernia prunastri 1 0 
Fissidens dubius 1 0 
Frullania fragilifolia 1 3 
Frullania tamarisci 311 229 
Fuscopannaria mediterranea 0 2 
Fuscopannaria sampaiana 2 7 
Harpalejeunea molleri 1 0 
Hylocomium splendens 24 22 
Hylocomiastrum umbratum 1 0 
Hypnum andoi 110 114 
Hypnum cupressiforme 16 8 
Hypnum jutlandicum 2 0 
Hypnum resupinatum 0 1 
Hypogymnia physodes 9 2 
Isothecium alopecuroides 33 25 
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SPECIES Exclosed Grazed 
Isothecium myosuroides  188 191 
Lecanora chlarotera 10 6 
Lecanora confusa 4 0 
Lecanora expallens 2 3 
Lecania cyrtella 2 3 
Lecidella elaeochroma 9 10 
Leptogium burgessii 0 1 
Leptogium lichenoides 11 2 
Lepraria spp. 65 68 
Lobaria amplissima 1 1 
Lobaria pulmonaria 33 83 
Lobaria scrobiculata 5 13 
Lobaria virens 1 4 
Loeskeobryum brevirostre 36 25 
Lopadium disciforme 5 0 
Loxospora elatina 0 2 
Melanelixia glabratula 39 64 
Metzgeria furcata 15 21 
Mnium hornum 8 11 
Mycoblastus caesius 0 1 
Mycoblastus sanguinarius 1 0 
Neckera complanata 0 4 
Nephroma laevigatum 11 13 
Normandina pulchella 10 53 
Ochrolechia androgyna 93 90 
Ochrolechia subviridis 16 8 
Opegrapha herbarum 11 5 
Opegrapha ochrocheila 1 2 
Opegrapha vulgata 0 1 
Orthotrichum stramineum 3 1 
Pachyphiale carneola 9 31 
Pannaria conoplea 5 14 
Pannaria rubiginosa 10 38 
Parmotrema crinitum 9 21 
Parmelia omphalodes 1 0 
Parmelia saxatilis 89 124 
Parmelia sulcata 1 5 
Parmeliella parvula 1 0 
Parmeliella triptophylla 5 27 
Peltigera collina 2 1 
Peltigera hymenina 1 11 
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SPECIES Exclosed Grazed 
Peltigera membranacea 0 3 
Peltigera praetextata 1 0 
Pertusaria albescens 15 38 
Pertusaria amara 13 4 
Pertusaria hemisphaerica 6 4 
Pertusaria hymenea 60 72 
Pertusaria leioplaca 3 0 
Pertusaria pertusa 10 15 
Pertusaria pupillaris 1 0 
Plagiomnium undulatum 3 0 
Plagiochila porelloides 2 0 
Plagiothecium undulatum 3 0 
Plagiothecium succulentum 0 1 
Platismatia glauca 4 3 
Pleurozium schreberi 7 4 
Protopannaria pezizoides 0 1 
Polytrichum formosum 0 4 
Pseudoscleropodium purum 10 1 
Psoroma hypnorum 0 2 
Radula complanata 1 2 
Ramalina farinacea 7 16 
Rhytidiadelphus loreus 54 25 
Rhytidiadelphus squarrosus 2 0 
Rhytidiadelphus triquetrus 34 26 
Sphaerophorus globosus 2 0 
Sticta limbata 1 2 
Sticta fuliginosa 0 3 
Thelotrema lepadinum 4 2 
Thuidium tamariscinum 55 43 
Ulota bruchii 0 2 
Ulota phyllantha 13 23 
Usnea sp. 2 1 
Zygodon rupestris 16 10 
Unidentified lichen 1 2 
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Appendix N - Cryptogam and plant species list and frequency in 60 
2 m x 2 m quadrats placed on the ground in oak woodland, north of 
Loch Maree, Wester Ross, for each level of treatment 
SPECIES Exclosed Grazed 
Atrichum undulatum 0 3 
Baeomyces rufus 0 1 
Calypogeia arguta 0 1 
Calypogeia fissa 0 5 
Cephalozia bicuspidata 0 3 
Cladonia sp. A 1 7 
Cladonia sp. B 1 1 
Cladonia chlorophaea 0 1 
Cladonia furcata 1 0 
Dicranella heteromalla 0 13 
Dicranum majus 23 28 
Dicranum scoparium 5 15 
Diplophyllum albicans 0 11 
Diphyscium foliosum 0 4 
Eurhynchium striatum 4 1 
Frullania tamarisci 6 16 
Hylocomium splendens 43 53 
Hyocomium armoricum 0 1 
Hypnum cupressiforme 1 4 
Hypnum jutlandicum 6 19 
Hypotrachyna taylorensis 0 1 
Isothecium alopecuroides 0 2 
Isothecium myosuroides 15 34 
Leucobryum glaucum 1 5 
Loeskeobryum brevirostre 26 27 
Lophocolea bicuspidata 2 0 
Lophozia ventricosa 0 1 
Marsupella emarginata 0 3 
Mnium hornum 0 5 
Nardia scalaris 0 2 
Parmotrema crinitum 0 1 
Pellia epiphylla 0 1 
Peltigera hymenina 0 1 
Plagiochila asplenioides 1 0 
Plagiothecium undulatum 2 2 
Pleurozium schreberi 13 17 
Pogonatum aloides 0 3 
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SPECIES Exclosed Grazed 
Polytrichastrum formosum 7 26 
Polytrichum piliferum 0 3 
Protopannaria pezizoides 0 1 
Pseudotaxiphyllum elegans 0 2 
Pseudoscleropodium purum 39 29 
Racomitrium aciculare 0 1 
Racomitrium aquaticum 1 0 
Racomitrium fasciculare 0 2 
Racomitrium heterostichum 0 3 
Racomitrium lanuginosum 1 0 
Rhytidiadelphus loreus 46 52 
Rhytidiadelphus squarrosus 1 4 
Rhytidiadelphus triquetrus 56 50 
Scapania gracilis 2 2 
Solenostoma gracillimum 0 2 
Thuidium tamariscinum 53 54 
   
Other vegetation Exclosed Grazed 
Blechnum spicant 31 12 
Calluna vulgaris 38 22 
Erica cinerea 27 22 
Hyacinthoides non-scripta 1 0 
Lonicera periclymenum 5 2 
Pteridium aquilinum 39 31 
Rubus fruticosus agg. 7 0 
Vaccinium myrtillus 27 9 
   
Graminoid spp. 36 60 
   
 
